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 Abstract 
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Abstract 
Coastal pelagic fish species, such as sardine, anchovy and horse mackerel, are globally 
important fisheries resources and are used for human consumption and the production of fish 
meal and oil. Their population dynamics are characterised by variability and instability 
expressed by strong fluctuations in stock size. Environmental influences are widely assumed to 
be responsible, acting particularly on eggs, larvae and juveniles, the so called “early life 
history” (ELH) stages. 
The Benguela Upwelling system in the south-east Atlantic is one of the most productive 
marine ecosystems worldwide and its northern subsystem off Namibia once harboured large 
populations of coastal pelagics. However, in the northern Benguela Current ecosystem 
(NBCE), sardine (Sardinops sagax) and anchovy (Engraulis encrasicolus) stocks collapsed 
during the 1970s and 1980s and have not recovered, leaving Cape horse mackerel (Trachurus 
capensis) the only remaining species of economic importance at present. Changes in upwelling 
activity, affecting water temperatures, dissolved oxygen concentrations and species 
composition in the zooplankton have been proposed as underlying factors responsible for the 
present stock situations. However, possible mechanisms are greatly understudied, particularly 
during ELH stages. 
To fill this gap, a set of ELH traits, with the potential to influence the survival of fish larvae 
and via recruitment success to adult stock size, were investigated in this thesis for the three 
above mentioned fish species and additionally for the invasive species Sardinella aurita. The 
study is based on samples from four consecutive research cruises conducted in the NBCE 
region at different times of the year during March 2008, December 2009, September 2010 and 
February 2011. I analysed spatio-temporal distribution patterns of larvae and investigated their 
trophic ecology, nutritional condition and daily growth rates, focussing on interspecific 
differences and the influence of upwelling activity-associated environmental conditions (water 
temperature, oxygen concentration, plankton composition). Furthermore, I measured metabolic 
rates to estimate minimal energy requirements and the response of respiration rates to low 
oxygen concentrations to determine hypoxia tolerance of larval and juvenile T. capensis. 
The summarised key findings of my thesis are: 
Larvae of all four species showed maximum densities during the cruises in February and 
March. They were mainly caught over the continental shelf and in well-oxygenated water 
within the upper 50 m of the water column. Larvae of all four species were daytime feeders, 
occupied a similar trophic level and fed mainly on different groups of planktonic crustaceans. 
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Diatoms constituted an important base of the food web in larvae of all four species as inferred 
from fatty acid trophic markers. 
T. capensis larvae showed the most equal densities of the four species with regard to spatial 
and temporal distribution patterns. Their occurrence over a wide temperature range classified 
them as eurythermal species. Both larvae and juveniles tolerated the exposure to hypoxic 
conditions and did not show a response in respiration rates until oxygen concentrations below 
2 mL O2 L
-1. T. capensis larvae were characterised as voracious feeders with a high feeding 
success, preying on a wide range of copepod taxonomic groups, including the small Oithona 
sp. and Oncaea sp.. T. capensis larvae showed the highest daily biomass growth rates of the 
studied species and good nutritional condition. 
In contrast to T. capensis, larvae of the three clupeoid species (S. sagax, S. aurita and E. 
encrasicolus) were almost exclusively caught during the two cruises in February and March 
and occurred in very high densities in the Walvis Bay region in 02/2011. S. sagax larvae 
appeared stenothermal with a limited distribution towards the upper end of the temperature 
range, whereas E. encrasicolus and S. aurita larvae should be considered eurythermal. In the 
prey spectrum of early S. sagax and E. encrasicolus larvae, copepod nauplii were more 
important than Oithona sp. and Oncaea sp. Feeding success of clupeoid larvae appeared to be 
lower compared with T. capensis, also reflected by a lower nutritional condition of E. 
encrasicolus larvae as inferred from total fatty acid concentrations. The nutritional condition of 
clupeoid larvae was significantly lower during 02/2011 compared to 03/2008 probably caused 
by limited food supply at high larval densities. 
In conclusion, the revealed interspecific differences in ELH traits suggest a good adaptation of 
T. capensis larvae to the present environmental conditions in the NBCE, which are 
characterised by frequent periods of quiescent upwelling and intrusions of warm water, 
shoaling of the oxygen minimum zone and a shift in the species composition of copepods 
towards Oithona sp.. The differences in ELH traits may provide an advantage for T. capensis 
over the clupeoid species and in particular over S. sagax, allowing for prolonged retention 
times in coastal regions with good food supply and a higher capacity to overcome periods of 
food scarcity. The latter two mechanisms can enhance larval survival and by this the 
recruitment success to the adult stock. 
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Zusammenfassung 
Kleine pelagische Fischarten, wie Sardine, Sardelle oder Stöcker, sind weltweit wichtige 
Fischereiressourcen und werden sowohl für den direkten menschlichen Verzehr als zur 
Herstellung von Fischmehl und –öl genutzt. 
Die Populationsdynamik dieser Arten ist durch eine hohe Variabilität und Instabilität 
gekennzeichnet und spiegelt sich in großen Schwankungen ihrer Bestände wider. 
Veränderungen in den Umweltbedingungen, die sich besonders auf die frühen Lebensstadien 
wie Eier, Larven und Juvenile auswirken, werden als Hauptursache dieser Schwankungen 
angesehen.  
Das Benguela Auftriebsgebiet, im süd-östlichen Atlantik gelegen, ist eines der produktivsten 
Meeresökosyteme der Welt. Das nördliche Benguela Auftriebsgebiet (NBCE) vor Namibia 
beherbergte bis in die 1970er Jahre große Populationen kleiner pelagischer Fischarten. 
Allerdings brachen dort sowohl die Bestände der Sardine (Sardinops sagax) als auch der 
Sardelle (Engraulis encrasicolus) während der 1970 und 1980er Jahre ein und haben sich bis 
heute nicht erholt. Dadurch ist die Kap-Bastardmakrele (Trachurus capensis) die einzig 
verbleibende Art von wirtschaftlicher Relevanz für den Fischereisektor. Als Ursache für diese 
Bestandssituation wird vor allem eine Veränderung der Auftriebsaktivität angenommen, die 
sich auf die Temperatur und den Sauerstoffgehalt des Wassers auswirkt. Außerdem beeinflusst 
sie auch die Artenzusammensetzung des Zooplanktons, welches wiederum die 
Hauptnahrungsquelle der besagten Fischarten ausmacht. Die zugrundeliegenden 
Wirkmechanismen sind bis jetzt nur zum Teil untersucht und verstanden. Insbesondere 
Prozesse, die während der frühen Lebenstadien der Fischarten eine Rolle spielen, sind 
unzureichend erforscht. 
In der vorliegenden Arbeit wurden Eigenschaften früher Lebensstadien der drei erwähnten 
Fischarten untersucht, die das Potential besitzen, die Überlebensrate und damit den 
Fortplanzungserfolg zu beeinflussen. Zusätzlich wurde mit Sardinella aurita eine weitere Art 
untersucht, die von Norden her in das Gebiet einwandert. Diese Studie basiert auf Proben, die 
während unterschiedlicher Jahreszeiten im März 2008, im Dezember 2009, im September 2010 
und im Februar 2011 auf vier aufeinanderfolgenden Expeditionen mit Forschungsschiffen 
genommen wurden. Es wurde die räumliche und zeitliche Verteilung der Fischlarven 
analysiert und die trophische Ökologie, der Ernährungszustand und die täglichen 
Wachstumsraten an Larven der vier unterschiedlichen Fischarten untersucht. Der Fokus lag 
dabei auf zwischenartlichen Unterschieden und auf dem Einfluss von Umweltfaktoren wie 
Wassertemperatur, Sauerstoffgehalt und Planktonzusammensetzung, welche durch die Stärke 
der Auftriebsaktivität beeinflusst werden. Außerdem wurden die metabolischen Raten von 
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Larven und Juvenilen von T. capensis bestimmt um ihren Energiebedarf abzuschätzen. 
Zusätzlich wurde die Entwicklung der Atmungsrate bei erniedrigten Sauerstoffkonzentrationen 
untersucht um etwaige Anpassungen an hypoxische Umweltbedingungen aufzudecken. 
Aus den Untersuchungen gingen die folgenden zentralen Ergebnisse hervor: 
Die Larven aller vier Fischarten wurden überwiegend in Regionen über dem Kontinentalschelf 
gefangen und erreichten die höchsten Individuendichten während der Fahrten im Februar 2011 
und März 2008. Die Fischlarven wurden hauptsächlich in sauerstoffreichen Wasserschichten in 
den oberen 50 m der Wassersäule angetroffen. Die Nahrungsaufnahme fand bei allen vier 
Fischarten tagsüber statt. Die Larven der untersuchten Arten besetzten die gleiche trophische 
Ebene und ihre Nahrung bestand zum Großteil aus unterschiedlichen Gruppen planktonischer 
Krebstiere (Crustaceen). Abgeleitet aus dem relativen Anteil der entsprechenden trophischen 
Markerfettsäuren, war die Diatomeen basierte Nahrungskette von großer Wichtigkeit für die 
Larven. 
Die Individuendichte der Larven von T. capensis war im Vergleich der vier Arten am 
gleichmäßigsten verteilt, sowohl in räumlicher Hinsicht als auch in Bezug auf die 
unterschiedlichen Zeiten des Jahres. Durch das Vorkommen dieser Art über einen weiten 
Temperaturbereich ließ sich eine eurytherme Verteilung ableiten. Zudem tolerierten sowohl 
Larven- als auch Jugendstadien von T. capensis hypoxische Bedingungen und zeigten erst bei 
Sauerstoffkonzentrationen unter 2 mL O2 L
-1 eine Veränderung ihrer Respirationsraten. In 
Bezug auf ihre Nahrungsökologie zeichneten sich T. capensis Larven durch ihre Gefräßigkeit 
und einen hohen Fraßerfolg aus. Ihre Nahrung bestand zum Großteil aus verschiedenen 
taxonomischen Gruppen von Ruderfußkrebsen (Copepoda), insbesondere auch der kleinen 
Arten der Gattungen Oithona und Oncaea. Die Larven  von T. capensis zeigten die höchsten 
täglichen Wachstumsraten bezogen auf die Biomasse und zeichneten sich durch einen 
gleichbleibend guten Ernährungszustand aus. 
Im Gegensatz zu T. capensis wurden die Larven der drei clupeoiden Arten (S. sagax, S. aurita 
and E. encrasicolus) fast ausschließlich während der zwei Ausfahrten im Februar und März 
gefangen. Sie erreichten besonders hohe Individuendichten in der Region um Walvis Bay im 
Februar 2011. Im Gegensatz zu den eurythermalen Larven von E. encrasicolus und S. Aurita 
zeigten S. sagax Larven eine auf niedrigere Temperaturen begrenzte Verteilung und ließen sich 
somit als stenothermal charakterisieren. Im Nahrungsspektrum junger S. sagax und E. 
encrasicolus Larven nahmen die Larvalstadien von Copepoden (Nauplien) eine zentrale Rolle 
ein, während Oithona sp. und Oncaea sp. keine große Bedeutung zukam. Der Fraßerfolg der 
clupeoiden Larven war niedriger als jener von T. capensis. Dies spiegelte sich in einem 
vergleichsweise schlechteren Ernährungszustand der E. encrasicolus Larven wieder, abgeleitet 
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von einem zwischenartlichen Vergleich der Fettsäurekonzentrationen. Zur gleichen Jahreszeit 
war der Ernährungszustand clupeoider Larven bei extrem hoher Individuendichte (Februar 
2011) signifikant schlechter als bei geringerer Individuendichte (März 2008). 
Zusammenfassend deuten die gefundenen, zwischenartlichen Unterschiede auf eine 
vergleichsweise bessere Anpassung von T. capensis an die zur Zeit im nördlichen Benguela 
Auftriebsgebiet vorherrschenden Umweltbedingungen hin. Diese zeichnen sich durch häufige 
Perioden mit geringer Auftriebsaktivität und dem Eindringen von wärmeren Wassermassen, 
eine Ausbreitung der Sauerstoffminimumzone sowie eine Verschiebung der 
Artenzusammensetzung der Ruderfußkrebse zugunsten von Oithona sp. aus. Die in dieser 
Arbeit identifizierten, artspezifischen Merkmale der jungen Lebensstadien von T. capensis 
könnten ihnen sowohl eine längere Verweildauer in küstennahen Regionen mit guter 
Nahrungsverfügbarkeit als auch ein besseres Überleben in Perioden mit verminderter 
Nahrungsverfügbarkeit erlauben. Diese zwei Mechanismen können die 
Überlebenswahrscheinlichkeit der Larven und dadurch den Fortpflanzungserfolg der adulten 
Population erhöhen. 
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Scientific background 
General Introduction 
Around the world, a great number of economically important fish stocks have declined or 
collapsed during the last decades due to the impact of overfishing and environmental changes 
(Mullon et al. 2005; Murawski, 2010; Perry et al., 2010; Planque et al., 2010). Among the 
latter, rising water temperatures (IPCC, 2007) and expanding hypoxic zones (Diaz and 
Rosenberg, 2008; Diaz and Breitburg, 2009) influence the spatial distribution (Perry et al., 
2005; Cheung et al., 2009; Stramma et al., 2012) and body size of fishes (Cheung et al., 
2013a) and affect thereby fisheries catches (Sumaila et al., 2011; Cheung et al., 2013b). 
The four major eastern boundary upwelling ecosystems (EBUE) are highly productive shelf 
seas and comprise the most valuable fishing grounds of the world including small and medium 
pelagic fish as important economic resources (Blaxter and Hunter, 1982; Crawford, 1987; 
Fréon et al., 2005; Chavez and Messié, 2009; Fréon et al., 2009b; Pikitch et al., 2012). The 
Humboldt, California, Canary and Benguela Currents are characterised by constant, periodical 
or poly-pulsed upwelling events, driven by trade winds. Offshore Ekman transport brings cold, 
nutrient-rich water from deeper layers to the surface, allowing for high primary production and 
very productive pelagic food webs with low species diversity (Chavez and Messié, 2009; 
Fréon et al., 2009a, and b; Messié et al., 2009). Two groups of small pelagic Clupeiformes 
usually dominate the fish community in EBUE in terms of abundance and biomass: sardine 
(genera: Sardinops, Sardina) and anchovy (genus: Engraulis) species (Schwartzlose et al., 
1999). Through their high numbers, small pelagics usually are key species in the food web, 
where they occupy central positions in “wasp-waist systems” (Cury et al., 2000; Cury and 
Shannon, 2004). They build up high biomass, making them important resources for human 
consumption and the basis of fishmeal and -oil production (Alder et al., 2008; Pikitch et al., 
2012). In addition to small pelagics, medium pelagic fish like horse mackerel (genus: 
Trachurus) and chub mackerel (genus: Scomber) are important members of EBUE and both 
groups together are combined under the term coastal pelagic fish (Fréon et al., 2005). EBUE’s 
fisheries resources are intensively harvested and account for an average annual catch of 16.8 
million tons during 2004-2007 (Fréon et al., 2009b), representing ca. 20% of the world’s 
marine fisheries catch (FAO data). Small pelagic fish (Clupeiformes: herrings, sardines and 
anchovy) are the main target species in all four EBUE (11.5 million tons yr-1 = 68% of total 
catch), followed by medium pelagics (e.g. horse and jack mackerels, chub mackerels), 
contributing 15% (2.5 million tons yr-1) to total landings during 2004-2007 (Fréon et al., 
2009b). The Peruvian anchovy (Engraulis ringens) from the Humboldt Current supports the 
largest fishery in the world (FAO, 2010). Together with the valuable demersal hakes (genus: 
Scientific background 
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Merluccius), coastal pelagic fish provide a substantial income source for many EBUE 
neighbouring countries and contribute substantially to food security in many of these regions 
(Fréon et al., 2005). 
Coastal pelagics population dynamics and climate change in upwelling systems 
Drastic multi-decadal fluctuations of small pelagics’ stock sizes have been frequently observed 
and are considered a naturally occurring phenomenon resulting in regime shifts between states 
in which either sardine or anchovy dominate the ecosystem (Schwartzlose et al., 1999; Alheit 
and Niquen, 2004; Cury and Shannon, 2004; Fréon et al., 2005). In addition, intense fishing 
pressure may enhance the susceptibility to, and thus the frequency of fluctuations (Anderson et 
al., 2008). Climatic effects, such as changes in upwelling intensity, water temperature and 
oxygen concentration, accompanied by associated changes in the food web, have been 
suggested as drivers for fluctuations in size, biomass and distribution of fish populations 
(Steele, 2004; Litzow et al., 2006; van der Lingen et al., 2006a; Alheit, 2009; Bertrand et al., 
2011). Since EBUE are driven by large-scale atmospheric patterns (Jury, 2006; Alheit and 
Bakun, 2010; Bakun et al., 2010b; Collins et al., 2010), a wide range of ecological processes 
may be significantly affected by climate variability, e.g. water chemistry, water temperature 
and currents that influence species dispersal and recruitment (Iles et al., 2012).  
One major effect expected to influence EBUE is a change in wind patterns (Lutjeharms et al., 
2001; Fréon et al., 2009b), affecting upwelling intensity and thereby water temperature, 
oxygen concentration, advective processes and plankton composition (quantity and quality). 
Consequently, it may affect small pelagic fishes on all levels of organization and throughout 
life history stages (Checkley et al., 2009; Fréon et al., 2009c; Rijnsdorp et al., 2009). 
However, the direction of changes in upwelling intensity is debated. Upwelling activities may 
weaken, intensify or become more variable. Stronger trade winds and an increased temperature 
difference between land and sea may lead to intensified upwelling (Bakun, 1990), causing 
higher phytoplankton production of large algae (diatoms), but also increased advective 
transport to the open ocean (Bakun and Weeks, 2008). In contrast, weakened upwelling 
activity would lead to higher stratification of the water column, resulting in warmer surface 
waters and possibly decreased primary production due to reduced nutrient supply (van der 
Lingen et al., 2006a). Chavez et al. (2003) emphasised water temperature as a simple proxy for 
different regime states in the Humboldt Current. They related the “sardine (S. sagax) regime” 
to periods of relatively warm conditions compared to the “anchovy (E. ringens) regime” 
during relatively cold periods. A reason could be the interaction of physical forcing and 
tropho-dynamics as proposed by van der Lingen et al. (2006a). Ocean warming and a higher 
stratification can lead to a shift of the phytoplankton community from diatoms to flagellates 
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(Mitchell-Innes and Pitcher, 1992; Legendre and Rivkin, 2002; Sommer et al., 2002; Leterme 
et al., 2005; Hauss et al., 2012). This could favour smaller-sized zooplankton and subsequently 
sardine (S. sagax) which is adapted to smaller prey organisms than anchovy (E. encrasicolus), 
which in turn is supposed to be trophodynamically advantaged under “cold conditions” (van 
der Lingen et al., 2006a). A propagation of changes in the phytoplankton community to higher 
trophic levels in the food web has been proposed by several authors, e.g. van der Lingen et al., 
2006a; Rykaczewski and Checkley, 2008; Alheit, 2009; Fréon et al., 2009c. However, 
evidence is still scarce (Alheit and Bakun, 2010). 
Hypoxia, i.e. a decrease in dissolved oxygen concentration, is another important factor 
structuring coastal marine ecosystems. This phenomenon is of increasing importance and 
affecting benthic and pelagic marine ecosystems worldwide (Stramma et al., 2008; Breitburg 
et al., 2009; Levin et al. 2009, Paulmier and Ruiz-Pino, 2009; Ekau et al. 2010; Zhang et al., 
2010; Gilly et al., 2013). For example, extensive oxygen minimum zones (OMZ) exist in the 
northern Humboldt and northern Benguela Current, with the oxygenated surface water layer 
reduced to a few tens of meters or less (Fréon et al., 2009b). The expansion of hypoxic zones 
can be the result of in- or decreasing upwelling activities due to climate induced changes. 
Increased activity can cause the upwelling of low-oxygenated waters (Mohrholz et al., 2008; 
Bakun et al. 2010b), whereas decreased activity enhances stratification and oxygen depletion 
through decay processes in the upper productive water layer (Bakun et al., 2010b). Based on 
the observation that increased upwelling activity results in a shoaling of the OMZ, Bertrand et 
al. (2011) proposed two mechanisms for a structuring effect of hypoxia leading to regime 
shifts in the Humboldt Current. Firstly, they suggested that sardines (S. sagax) are 
physiologically more affected by hypoxia than anchovies (E. ringens), due to their larger body 
size-related oxygen demand. Secondly, a shallow oxycline may lead to an accumulation of 
hypoxia-intolerant zooplankton in surface waters, favouring particle-feeding anchovy bio-
energetically; whereas a deeper oxycline may favour sardines allowing them to effectively use 
its energetically preferred filter-feeding mode (Bertrand et al., 2011). 
Traditional fisheries management follows the stock-recruitment relationship (Ricker, 1954; 
Beverton and Holt, 1957) and modern management is still widely based on the paradigm that a 
long-term yield of fish stocks depends on a stable stock size (Beddington et al., 2007; Vert-pre 
et al., 2013). During the last 50 years, however, fisheries management has often failed to 
prevent the collapse of fish stocks (Mullon et al., 2005) and the stock-recruitment relationship 
model poorly reflected reality for small pelagics (Zheng, 1996). Indeed, stock production was 
correlated to environmental regimes instead of population abundance alone for the majority of 
230 fish stocks analysed recently (Vert-pre et al., 2013). Hilborn (2010) showed that the 
recovery potential of decimated stocks is mostly determined by the intensity of recruitment 
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compensation. Cury et al. (2008) promote the “ecosystem oceanography” concept, which 
integrates environmental conditions into fish stock management models as approach to tackle 
future climate related changes. Thus, the need to investigate and understand the underlying 
processes of such environment-stock-recruitment relationships is evident. Interestingly 
enough, the concepts of small pelagics population dynamics, as outlined above, focus on adult 
fish and ignore the importance of processes during early life stages for recruitment success and 
population size during the early life stages, which is further impeded by the lack of data at 
present. 
The role of recruitment for the size of fish stocks and environmental influences 
Understanding the factors that determine the size of fish stocks has been the central research 
question for fisheries biologists since the beginning of the discipline in the 2nd half of the 19th 
century (Lehodey et al., 2006; Houde, 2008), when fluctuations of the Norwegian cod, 
European herring and sardine populations were puzzling researchers (Bohuslän periods). First, 
fluctuations in stock size were believed to be a consequence of changes in patterns of fish 
migration or fishing effort (see Houde, 2008). Soon after the foundation of the International 
Council for the Exploration of the Sea (ICES) in 1902, the importance of recruitment for stock 
development, as regulated by processes during the early life stages, was acknowledged. Today, 
recruitment variability is commonly understood as driven by complex interactions between 
tropho- and hydrodynamic processes, acting throughout pre-recruit life from the egg to the 
juvenile phase (Houde, 1987; Lehodey et al., 2006; Houde, 2008). 
The central idea behind this theory is that survival and mortality rate during the early life 
phases determine recruitment strength, thereby affecting the size of the adult population. 
Consequently, environmental conditions and life-history characteristics are thought to be 
important criteria for stock recovery after population collapses (Hutchings, 2000; Hutchings 
and Reynolds, 2004; Hammer et al., 2010). Generally, “stage duration” is accepted to be 
critical for the survival of early life stages. High growth rate allows for passing larval stages 
faster, which reduces the risk of mortality by starvation and predation through an increase in 
size as well as more effective foraging and escape potentials with the development of 
swimming capacity (Houde, 1987; Takasuka et al., 2003; Fuiman et al., 2005; Houde, 2008). 
Environmental factors act on physiological processes in fish larva (Brett and Groves, 1979; 
Houde, 1987; Neill et al., 1994). In his “physiological classification of the environment”, Fry 
(1947, 1971) divided the environmental factors by their effect on metabolism in five groups: 
controlling, limiting, masking, directive and lethal factors. The major abiotic factor is 
temperature, influencing the metabolic performance of an organism as outlined in the 
conceptual model of oxygen- and capacity-limited thermal tolerance (Pörtner, 2010). The 
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resulting “thermal window of performance” can differ between and within species, across life-
stages or between populations. Synergistic stressors, e.g. hypoxia or elevated CO2 
concentrations, can narrow the thermal window (Pörtner and Farell, 2008). Temperature acts at 
different organizational levels (cellular, individual, population, community and ecosystem) and 
affects various processes related to recruitment (e.g. time of spawning, larval feeding rates and 
success, growth, distribution, natural mortality, swimming activity; for details see: Neill et al., 
1994; Ottersen et al., 2010). Survival rate of individuals and recruitment success of 
populations is influenced by physiological performance, which can ultimately result in 
ecosystem regime shifts (Pörtner and Peck, 2010). 
Most of the existing recruitment theories concentrate on bottom-up factors (e.g. hydrological 
and trophic conditions) and vary in their focus on abiotic/climatic or biotic factors (reviewed 
by Houde, 2008; Bakun, 2010; Drinkwater et al., 2010; Ottersen et al., 2010). Adults can also 
influence the potential for successful recruitment via quantity and quality of their offspring 
(Rose et al., 2001; Houde, 2008; Grote et al., 2011). Furthermore, top-down regulation via 
predation and fishing can also play a direct or indirect role on recruitment (reviewed in: 
Bakun, 2010; Perry et al., 2010). For example, size-selective fishing can result in a lower 
offspring quality, leading to a higher instability of recruitment patterns (Anderson et al., 2008; 
Perry et al., 2010). 
The role of oceanography in recruitment – bottom up 
Oceanographic features can influence larval survival both directly, e.g. by advection, and 
indirectly, e.g. by determining prey availability. The “Aberrant Drift Hypothesis” (Hjort, 1914) 
emphasizes the negative role of currents that disperse early life stages into regions with 
unfavourable prey densities. The “Stable Ocean Hypothesis” (Lasker, 1978, 1981) 
concentrates on the importance of temporarily stable conditions in the water column, allowing 
for the formation of fine-scale patches of dense aggregations of larvae and prey in stratification 
boundaries/fronts. This hypothesis was developed with focus on small pelagic fish stocks in 
highly dynamic upwelling systems. As an extension, the “Optimal Environmental Window 
Hypothesis” (Cury and Roy, 1989) proposes a dome-shaped relation of wind speed and 
recruitment. Intermediate wind speeds are considered optimal, being strong enough to allow 
for sufficient upwelling intensities for supporting sufficient prey production and weak enough 
for preventing losses by advection away from coastal feeding grounds. Finally, the “Ocean 
Triad Hypothesis” (Bakun, 1996) unites all previous mentioned theories by stating that three 
major groups of physical processes define a favourable recruitment habitat: (i) enrichment 
(upwelling, mixing, etc.), (ii) concentration (convergence, fronts, water column stability) and 
(iii) retention mechanisms preventing offshore transport. 
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The role of trophic processes in recruitment – bottom up and top down 
In this context, trophic processes are considered very important for survival and growth of fish 
larvae. The fundamental “Critical Period Hypothesis” (Hjort, 1914, 1926) proposes that a 
failure in finding sufficient food quantities during the first feeding phase of fish larvae greatly 
affects mortality rates. Today, this general idea is still accepted, but the focus on first-feeding 
larvae is considered to be too narrow (Cushing, 1996; Houde, 2008). The “Match-Mismatch 
Hypothesis” (Cushing, 1974, and 1990) focuses on the importance of the fact that the 
spawning period of fish has to overlap with periods of high prey abundance. In a situation of 
limited food resources, the competition for prey can negatively influence growth rates and 
change recruitment success according to the “Stage Duration Hypothesis” (Houde, 1987, and 
2008). However, density-effects have been rarely described by studies of larval stages (Houde, 
2008). 
In addition to the above-mentioned bottom-up processes, top-down regulation can influence 
recruitment strength through predation. The “Predator-Pit” hypothesis (Bakun, 2006) proposes 
a density-dependent predation on larvae. Concentration processes are leading to favourable 
feeding conditions on the one hand, but also attract predators on the other hand, causing a 
situation of “feeding heaven and predation hell”. 
Study region - the northern Benguela Current Ecosystem (NBCE)  
The Benguela Current (BC) extends from the Cape of Good Hope (35°S) to the Angola-
Benguela Front (ABF, around 17°N; Fig. 1) and is the only EBUE bordered by tropical waters 
at both ends: the warm Agulhas Current from the Indian Ocean in the South and the warm 
Angola Current (AC) water in the North (Shelton et al., 1985). The BC has a northward 
flowing main stream, fed primarily by cold polar waters of the South Atlantic Current (SAC) 
and warm water of the Agulhas Current (Peterson and Stramma, 1991). Five major upwelling 
cells exist in the BC (Fig. 1) with the perennial Lüderitz cell (27°S) being the strongest 
worldwide. It divides the BC into a southern (SBCE) and a northern ecosystem with distinct 
hydrographical and biological features (Duncombe Rae, 2005). 
 Scientific background 
 7 
The bathymetry of the northern BC 
area is characterised by a broad shelf 
around Walvis Bay (23-21°S), the 
Walvis Ridge (20°S), and a narrow 
shelf and a steep slope at the Kunene 
River Mouth (17.5°S). Upwelling is 
wind-driven and occurs year-round, 
with maximum intensities in winter 
and early spring, and quiescent 
periods during summer (Shannon, 
1985; Bartholomae and van der Plas, 
2007). The influence of cold equator-
wards and warm pole-wards currents 
varies seasonally (Barange and Pillar, 
1992). During the warm season 
(austral summer, January-April), the 
ABF is situated further south than 
during the cold season (austral 
winter, June-October; Shannon et al., 
1987). The extent of the southward 
intrusion of warm water also varies 
between years and an increasing 
frequency of deeper southward 
penetrations was observed during the 
last decades (Bartholomae and van 
der Plas, 2007). In some years, these 
near shore intrusions of warm and 
saline AC waters are extraordinarily 
strong, lasting from summer to winter and termed “Benguela Niño” (Boyd et al., 1987; 
Gammelsrød et al., 1998). Time-series analysis of wind anomalies at Lüderitz showed lower 
wind speeds between 1960 and 1975, stronger winds during 1975-1987, and a subsequent 
decrease of wind speeds reaching very low levels during 2000-2006 (Bailey et al., 2009; 
Hutchings et al., 2009). Similarly, development of sea surface temperature (SST) anomalies 
indicates a warming of the system (Hutchings et al., 2009). Thus, both wind and SST data 
indicate an increase of quiescent upwelling periods in the NBC during the last two decades. 
Fig. 1: Map of the Benguela Current Region. 
Arrows indicate ocean currents. Important cities 
and the five major upwelling cells (grey areas near 
the coastline) are shown. Bathymetric lines show 
200, 1000 and 3000 m. Abbreviations: SAC = South 
Atlantic Current, ABF = Angola Benguela Front 
(from Ekau et al., 2010, Fig. 8) 
Scientific background 
 8 
The ratio of new vs. total (new and regenerated) primary production is low in the NBCE 
compared to other EBUE, suggesting that only a small proportion of the total production is 
readily available to supply the food-web (Lutjeharms et al., 2001). This makes it vulnerable to 
reduced nutrient supply during periods of quiescent upwelling (Lutjeharms et al., 2001). 
However, total phytoplankton production in the NBCE is estimated to be higher than its 
consumption, with a surplus of ca. 25% of the carbon flux deposited in organic-rich sediments 
on the shelf floor (reviewed by Lutjeharms et al. 2001; Inthorn et al., 2006) and the collapse of 
small pelagics may have increased these sedimentation processes (Bakun et al., 2010b). In 
these mud-belts, decay processes create extensive hypoxic zones (Bartholomae and van der 
Plas, 2007). Together with the upwelling of oxygen-depleted water originating from the 
Angola Current, these conditions cause coastal hypoxia (Monteiro et al., 2006; Mohrholz et 
al., 2008). A trend of the shoaling of the 2.5 mL O2 L
-1 iso-surface has been shown over the 
last 50 years (Ekau et al., 2010). 
The zooplankton community of the BC is distinct from the tropical Angolan waters north of 
the ABF, and between the NBCE and SBCE most populations are separated (Shannon et al., 
1988; Gammelsrød et al., 1998; John et al., 2004; Lett et al., 2007; von Bodungen et al., 
2008). The dominant mesozooplankton group in terms of abundance and biomass are copepods 
(Timonin et al., 1992) followed by euphausiids (Olivar and Barange, 1990). The copepod 
orders Cyclopoida, Poecilostomatoida and Harpacticoida only contain few and/or small species 
(Gibbons, 1999), whereas the order Calanoida is richer in species and more diverse in terms of 
body size and ecological characteristics of species (Richardson et al., 2001; Loick et al., 2005; 
Schukat, 2012). During the last two decades the small cyclopoids showed positive anomalies 
in their densities, parallel to a warming of the system (Verheye and Kreiner, 2013). 
Coastal pelagic fish in the NBCE - biology, population dynamics and fisheries 
Sardine was the dominant pelagic fish species in the NBCE over long periods during the last 
3000 years and, in contrast to other EBUE, horse mackerel instead of anchovy was the 2nd 
most important species (Shackleton, 1987; Finney et al., 2010). Spawning grounds are located 
in the vicinity of Walvis Bay (21-24°S) and in the north of the NBCE (17-19°S; Hutchings et 
al., 2002, Axelsen et al., 2004). The main spawning area of S. sagax moved from the northern 
to the southern region from the 1980s to the 2000s (Tjizoo, 2008; Kreiner et al., 2011), 
whereas the centre of T. capensis spawning lies in the north (Kirchner, 2012). 
With the cease of whaling after World War II, pelagic fish became the main target of industrial 
fisheries (Griffiths et al., 2004). Sardine (Sardinops sagax) dominated catches until the mid-
1970s, but after the second abrupt decline during 1976-78, their biomass and landings never 
recovered, with actual catches being less than 7% of the historical maximum (Fig. 2; van der 
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Lingen et al., 2006b; Kirchner et al., 2009; Roux et al., 2013). Anchovy (Engraulis 
encrasicolus) landings were relevant only during the 1980s (Fig. 2). From the beginning of the 
1990s, Cape horse mackerel (Trachurus capensis) has been the only important pelagic 
fisheries resource in 
the NBCE (Fig. 2), 
with its estimated 
biomass remaining 
relatively stable until 
present (Boyer and 
Hampton, 2001; van 
der Lingen et al., 
2006b; Kirchner et 
al., 2010). Still, the 
estimated level of 
stock depletion since 
the inception of 
fisheries is about 40-
50% for T. capensis, 
with the size at 50% 
maturity reduced 
from 26 to 19 cm (Kirchner, 2011, and 2012). The fishing sector, with T. capensis and the 
valuable hakes (Merluccius capensis and M. paradoxus) as main targets, contributed >6% to 
the Namibian GDP and some 20% of Namibia’s exports in 2005 (Sherbourne, 2007). 
In summary, the NBCE turned from an area with the 3rd highest ever recorded maximum fish 
catch and fisheries productivity (Cury et al., 1998) to a degraded upwelling ecosystem during 
the last decades due to the long absence of both sardine and anchovy (Bakun et al., 2010a). 
Horse mackerel, hakes (Merluccius capensis and M. paradoxus) and the pelagic goby 
Sufflogobius bibarbatus are the central fish species in the food web of the new ecosystem state, 
and it is likely that jellyfish are gaining influence (Cury and Shannon, 2004; van der Lingen et 
al., 2006b; Flynn et al., 2011; Roux et al., 2013). Triggers of this regime shift were the 
combined effect of high fishing pressure and environmental changes (Cury and Shannon, 
2004). Environmental factors linked to climate change effects (e.g. increased temperature, 
shoaling of hypoxic zones), together with self-enhancing mechanisms (e.g. feedback loops in 
the food web as potential food competition with jellyfish and their predation on fish larvae), 
were proposed to be mainly responsible for the persistent trapping of the ecosystem in the new 
state (e.g. Boyer et al., 2001; Bakun and Weeks, 2006; van der Lingen et al., 2006b; Bakun et 
Fig. 2: Historical development of annual fisheries landings in the 
NBCE from 1950-2011. Data sources: 1950-1994: 
www.seaaroundus.org, 1994-1999: FAO data, 2000-2011: Kirchner, 
2012 
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al., 2010a&b). To date, both the recovery failure of clupeoid stocks and the mechanisms 
leading to the persistence and stability of the new ecosystem state in the NBCE are not fully 
understood. Processes during the early life history (ELH) stages (egg, larva, and juvenile) were 
proposed to be major regulative mechanisms for recruitment success (van der Lingen et al., 
2006a; Ekau et al., 2010). 
 Objectives and outline 
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Objectives and outline 
As outlined above, ELH traits are important for the recruitment success of a species and they 
are of particular interest to understand fish species’ dominance patterns. ELH stages are very 
sensitive to environmental changes due to their limited movement potential and their fragile 
morphology, both associated with their planktonic lifestyle. Feeding success can be affected by 
inter- and intraspecific competition and depends on prey composition and availability. Prey 
quantity and quality determine nutritional condition and growth rate, which are both important 
for surviving the vulnerable larval phase. High mortality during this phase makes it a potential 
bottleneck for stock development.  
However, detailed studies on the physiological and ecological traits of ELH stages of sardine, 
anchovy and Cape horse mackerel in the Benguela Current are still missing. Existing 
knowledge on temperature preferences and critical dissolved oxygen concentrations for ELH 
stages of coastal pelagic fishes stems from the relation of egg and larval abundance to 
environmental parameters. In regard to temperature preferences, different studies yield 
contradictory results and were mainly based on SST-data (Le Clus, 1991; Daskalov et al., 
2003; Twatwa et al., 2005; Tjizoo, 2008). Comparative studies on ecological and eco-
physiological ELH traits of pelagic fish species beyond these observations are missing and the 
few existing data (e.g. Cram, 1977; Thomas, 1986) were collected in the 1970s and 1980s (e.g. 
Cram, 1977; Thomas, 1986), which are periods distinctly different from today’s 
hydrographical and biological conditions (Fréon et al., 2005; van der Lingen et al., 2006b). In 
addition, acclimation or adaptation of ELH traits to changing environmental conditions 
(increased periods of warm water temperatures, shoaling of hypoxic zones) over the last 
decades is conceivable. 
Consequently, the importance of determining ELH traits of coastal pelagic fish in order to 
understand the underlying mechanisms of the current ecosystem state in the NBCE has been 
addressed several times in recent years (e.g. van der Lingen et al., 2006b; Boyer and Hampton, 
2007; van der Lingen et al., 2009; Hutchings et al., 2009). 
This doctoral thesis is part of the larger interdisciplinary research project GENUS 
(Geochemistry and Ecology of the Namibian Upwelling System, http://genus.zmaw.de/), 
which uses the NBCE as a natural laboratory to study the interacting effects of climate change 
factors, namely global warming and shoaling of hypoxic zones, on ecosystem processes in 
upwelling systems. Within GENUS, the working groups Fisheries Biology and Ecophysiology 
at the Leibniz Center for Tropical Marine Ecology/Bremen investigate trophic ecology, 
growth, condition and physiological adaptations of key fish species (sardines, anchovy, horse 
mackerel, goby, flatfish) to environmental factors (temperature, oxygen, zooplankton 
Objectives and outline 
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composition). As the core of this research, my doctoral thesis focuses on ELH traits of the four 
main small and medium pelagic fish species in the NBCE, sardine (S. sagax), anchovy (E. 
encrasicolus), Round sardinella (Sardinella aurita) and Cape horse mackerel (T. capensis). It 
aims to contribute to a better understanding of bottom-up processes relevant for their 
recruitment success by addressing the following questions:  
1. Which mechanisms hinder sardine and anchovy from recovery of their populations 
under the present environmental conditions in the NBCE? 
2. Why could the invading sub-tropical Round sardinella not substitute the two species 
during the last 20-30 years?  
3. Which characteristics allow Cape horse mackerel to maintain a fairly stable 
population, even under changing environmental conditions? 
4. Can competitive advantages during the larval and early juvenile phase of T. capensis 
explain their different success in comparison to clupeoid species in the NBCE? 
For this, the following specific research questions are addressed in three separate chapters of 
my thesis: 
In chapter I, an experimental approach at the organism level was chosen to investigate energy 
demand and hypoxia tolerance of T. capensis larvae and juveniles. In chapter II and III, a 
multi-methodological approach was used to investigate early life history traits of the three 
clupeoid species (chapter II) and T. capensis (chapter III) during different times of the year, 
focussing on: (i) spatio-temporal distribution, (ii) feeding ecology, (iii) nutritional condition 
and (iv) daily growth rates in relation to ambient environmental conditions (temperature, 
oxygen concentration, plankton abundance and composition). 
Chapter I 
“Energy demand of larval and juvenile Cape horse mackerels, Trachurus capensis, and 
indications for hypoxia tolerance as an advantage in a changing environment” 
Geist, S. J., Ekau, W., Kunzmann, A. (accepted) Marine Biology 
Contribution of the authors: Werner Ekau and Andreas Kunzmann wrote the respective part of 
the GENUS project proposal (applies also to Chapter II and III). All three authors designed the 
study. Simon Geist and Andreas Kunzmann adopted methodology to larval fish and conducted 
experiments. Simon Geist analysed data and wrote the manuscript. Werner Ekau and Andreas 
Kunzmann advised on data analysis and commented on the manuscript. 
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Chapter I focuses on eco-physiological traits of Cape horse mackerel to answer the following 
specific questions: 
? What is the energy demand of larval and juvenile Trachurus capensis?  
? How much is it converted in prey equivalents?  
? How does metabolic activity relate to body size? 
? Does this relationship change during the larval and juvenile phase? 
? To what extent are larval and juvenile Trachurus capensis adapted to hypoxic 
conditions?  
? At which oxygen saturation levels do they show a reaction in their metabolic rates?  
Chapter II 
“Larval feeding ecology of clupeoid fish in the degraded northern Benguela Current 
upwelling system and its implications for stock recruitment processes” 
Geist, S. J., Kunzmann, A., Verheye, H. M., Ekau, W. (in review) 
Contribution of the authors: Simon Geist, Werner Ekau and Andreas Kunzmann designed the 
study. All authors took part in field sampling. Simon Geist analysed samples and data, and 
wrote the manuscript. Werner Ekau guided data analyses and commented on the manuscript 
together with Andreas Kunzmann and Hans Verheye. 
Chapter II compares the three species of Clupeiformes and addresses the following questions: 
? Are there different preferences in regard to water temperatures between S. sagax, E. 
encrasicolus and S. aurita?  
? Are larvae of the three species different in regard to their trophic ecology? 
? How does the environment affect nutritional condition and growth rates? 
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Chapter III 
“Early life history traits determine the success of Cape horse mackerel, Trachurus 
capensis Castelnau, 1861, in the degraded northern Benguela upwelling ecosystem off 
Namibia” 
Geist, S. J., Kunzmann, A., Verheye, H. M., Ekau, W. (in review) 
Contribution of the authors: Simon Geist, Werner Ekau and Andreas Kunzmann designed the 
study. All authors took part in field sampling. Simon Geist analysed samples and data and 
wrote the manuscript. Werner Ekau advised on data analyses and commented on the 
manuscript together with Andreas Kunzmann and Hans Verheye. 
Chapter III concentrates on T. capensis, the new dominant pelagic species. It is compared to 
Clupeiformes (Chapter II) in the discussion in order to clarify the questions: 
? Does the relation of larval distribution to in-situ temperature and dissolved oxygen 
provide a hint for a preference of warmer conditions? 
? Can larval trophic ecology uncover the reasons for successful recruitment? 
? What are the potential advantages of horse mackerels in comparison to clupeoids 
during their early life history? 
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Methodological approach 
Field work 
Fish larvae and data of prevailing environmental conditions were collected in the NBCE (~16°S 
to ~27°S) during four research cruises at different times of the year (Table 1; Annex I) at 118 
sampling stations (Fig. 3). Quantitative ichthyoplankton collections in the upper 200 m were 
conducted at 94 stations using a MultiNet type Midi (Hydrobios™, mouth area: 0.25 m2, mesh 
size: 500 µm) equipped with five nets and hauled obliquely at 1 m s-1 from 200 m to the surface 
(Plate I/1-9).  
Fig. 3: Station grid during the four research cruises. Crosses indicate stations were only 
qualitative hauls were made 
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Table 1: Sampling campaigns analysed for the thesis 
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MSM7 9.3.-17.4.2008 
Maria S. 
Merian 
32 9 596 3 147 71 
Afr258 1.-17.12.2009 Africana 17 2 115 7 2 12 
D356 
10.9.-
13.10.2010 
Discovery 10 6 134 0 0 0 
MSM17 30.1.-7.3.2011 
Maria S. 
Merian 
38 4 750 1 665 484 221 
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At each station, the nets were sampled in depth strata according to water column structure in 
terms of temperature and dissolved oxygen identified from preceding CTD-casts (Mohrholz, 
2012a-c and pers. comm.). The two uppermost nets were equipped with net-inlays (Plate I/10; 
mouth diameter: 10 cm, mesh size: 55 µm) for simultaneous sampling of microzooplankton in 
these depth strata, except during 03/2008. In order to augment the number of fish larvae used 
for stomach content, growth and biochemical analyses, additional hauls were made with a 
trawled or drifting ring net (Plate I/11; mouth area: 2 m2, mesh size: 1000 µm), a Tucker trawl 
(Plate I/12; mouth area: 1 m2, mesh size: 1000 µm) and a MOCNESS (mouth area: 1 m2, mesh 
size: 2000 µm). Incoming hauls were immediately checked for live larvae, which were carefully 
transferred to beakers with filtered seawater for subsequent respiration experiments (Plate I/24-
26; details in Chapter I). From the remaining larvae subsamples were sorted out on board and 
deep-frozen at -80°C immediately after catch for further laboratory analyses at the ZMT 
Bremen. Finally, the remaining samples of MultiNets and net inlays were preserved in a 4% 
buffered formalin-seawater-solution for community composition analyses of ichthyo-, zoo- and 
microzooplankton. Fish larvae were identified according to Olivar and Fortuno (1991). 
Distribution: spatial and in relation to in-situ temperature and oxygen concentration 
Larval densities per station were calculated from the MultiNet catches for each single net (ind. 
100 m-³), and standardised per unit area (ind. 10 m-2). For a combined analysis of the spatial 
distribution of the larvae and the thermal regime between stations, the temperature at 20 m 
(T20m) was chosen, based on the observed depth distribution of the larvae. It is also a simple 
indicator of upwelling intensity (Boyd, 1983). Larval depth distributions of the four species 
were related to temperature and oxygen saturation, with the values from the closing (when both 
oxygen and temperature were analysed) or the median (when only temperature was analysed) 
depth of the respective net was used, to reflect in-situ conditions. 
Respiration experiments 
Oxygen consumption rates under fully oxygen-saturated conditions and under lowered oxygen 
concentration were measured in 52 experiments of larval and juvenile T. capensis. Respirometry 
of larvae was done in a closed setup, and post-larvae and juveniles were measured in an 
intermittent-flow setup (Plate I/28). Experiments were mostly conducted on-board in a cooling 
container modified to hold a constant temperature during MSM-17 (Plate I/27-28). Some 
juveniles were sent to the ZMT after the cruise and experiments were continued there 
(PlateI/29). Larger juveniles were caught around Cape Town, South Africa and measured at the 
Seapoint Laboratory, Cape Town. 
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Analytical lab work 
For each of the following analyses subsamples of larvae were used to allow for inter- and 
intraspecific comparisons between seasons and between geographic areas to cover conditions of 
different upwelling activities. 
Basic measurements 
Body length of larvae was measured as standard length (SL; notochord length in early larvae). 
Trachurus larvae were staged according to distinctive morphological developments (Plates II-
VI; Chapter III). For a better comparison of ontogenetic stages of the morphologically different 
clupeoid and T. capensis larvae the ontogenetic index was calculated additionally for the 
synopsis as OL=log L / log Ljuv with L = larval length and Ljuv = length at which species 
completes metamorphosis (Fuiman, 1994, and 2002). Ljuv was estimated at 22 mm SL for T. 
capensis and at 35 mm for S. sagax and E. encrasicolus, based on a literature review for species 
of the respective genus (Annex III). Body mass was determined as wet (WM) and dry mass 
(DM) using a high-precision balance after freeze-drying the larvae, which had their intestinal 
tract carefully removed. Relationships of WM to DM, and DM to SL are given in Annex IV. 
Trophic ecology 
We used an integrated approach combining three different methods to study the trophic ecology 
of coastal pelagics larvae, providing information at different time scales and at different 
taxonomic resolutions. Gut content analysis (intestinal tract) provides information about the 
ingested food items at the time of catch and allows for the highest taxonomic resolution, but can 
be biased towards hard-structured, undigested items that are more easily identifiable. ?15N-SI-
ratios of larval muscle tissue and potential food organisms (phyto- and zooplankton) were 
analysed to obtain an intermediate to long-term record of metabolised food and trophic position 
(Vander Zanden and Rasmussen, 2001). Fatty acid trophic markers (FATM) were used as a 
medium- to long-term record of metabolised food (Dalsgaard et al., 2003) to reveal the relative 
importance of carnivory and of diatom- and dinoflagellate-based prey in the larval food. 
Nutritional condition 
The morphometric condition factor (Heincke, 1908) was adjusted for a species-specific length-
body mass relation and calculated separately for each species as: k = GDM SL-b 10-5, where 
GDM is gutted dry mass (mg), SL is standard length (mm) and b is derived from species-
specific potential length-weight regressions. It was used for intra-specific comparisons between 
cruises and sites. To allow for interspecific comparison, total fatty acid (TFA) content (% DM) 
was measured as biochemical indicator of nutritional condition (Osako et al., 2003). 
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Growth rates  
Fish larvae invest surplus energy mainly in somatic growth (Houde, 1987), which makes daily 
growth rates (DGR) an indirect indicator of nutritional condition. DGR during the first month of 
life were estimated using back-calculations from growth increment readings of sagittal otoliths. 
The daily formation of increments has been validated earlier for larvae of Trachurus (Jordan, 
1994; Waldron and Kerstan, 2001; Xie et al., 2005), S. sagax and E. encrasicolus (Thomas, 
1986). Otoliths from the smallest larvae (ca. 3-5 mm) were placed on a cavity slide with a drop 
of in Immersion Oil (Zeiss), to increase contrast. Otoliths from larvae >5 mm were mounted 
with epoxy resin and polished and grounded respectively with silicon carbide paper of 2400 and 
4000 granulation to reveal all the growth increments. The back-calculation followed the 
procedure described by Grote et al. (2012) using the model of Folkvord and Mosegaard (2002).  
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Synopsis 
Response to environmental key factors – synoptic results and discussion 
Spatiotemporal distribution of larvae in relation to water temperature 
Fish larvae of all four species were mainly caught over the shelf at water depths < 500 m (Fig. 
4) and occurred in highest numbers during the two cruises in February 2011 and March 2008 
(MSM 7 and 17). This indicates spawning peaks during late summer and is in accordance to 
spawning data of anchovy and horse mackerel from 1983/1984 and sardine from 1999-2005 
(Boyd et al., 1985; Kreiner et al. 2011). Only T. capensis larvae were also caught in significant 
numbers during the two cruises in September 2010 and December 2009 (D356 and Afr 258). 
In addition, they showed the most equal density distribution of larvae of all four species and 
were found at relatively more stations throughout the NBCE (Fig. 4). The highest larval 
densities were encountered in the Walvis Bay region (~23°S) during February 2011, mainly 
due to the high abundance of clupeoid larvae. By comparison, E. encrasicolus and S. aurita 
larvae showed a wider latitudinal distribution compared to S. sagax larvae, being also present 
at northern stations up to the Kunene River mouth. S. sagax larvae were caught in significant 
numbers around Walvis Bay, only (Fig. 4). 
During the two summer cruises, the water temperature increased towards the north (Fig. 4), 
indicating periods of quiescent upwelling and/or intrusions of warm tropical waters from 
Angola. The comparison of water temperatures at catching depths suggested that S. sagax 
larvae are more stenothermal in contrast to the more eurythermal larvae of E. encrasicolus and 
T. capensis (Table 2; Kruskal Wallis Test, ?2(3, 235) = 11.67, p = 0.0086; see also Chapter II and 
III). Based on their spatial distribution patterns, these results suggest a higher water 
temperature tolerance of T. capensis, E. encrasicolus and S. aurita larvae compared to S. sagax 
larvae. These findings contrast two previous studies (Le Clus, 1991; Tjizoo, 2008), which 
regarded both S. sagax and E. encrasicolus as eurythermal with similar temperature 
preferences. Both studies covered a longer time span and larger data sets, but correlated larval 
Table 2: Water temperature (°C) at net closing depths with positive larval catches separately for 
the four coastal pelagic fish species. All positive nets from MultiNet hauls included. 
Temperature data taken from CTD casts (Mohrholz, 2012 a, b, c, and unpub. data) 
 N (nets) Min. 25% median 75% Max 
S. sagax 37 12.3 14.8 17.6 19..2 21.0 
E. encrasicolus 60 12.1 17.7 19.0 20.1 23.5 
S. aurita 28 13.8 17.2 18.2 19.3 21.6 
T. capensis 113 12.8 16.0 18.0 20.0 25.7 
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abundances to sea surface temperatures (SST). SST, instead of T20m or in-situ temperatures, is 
probably not suitable to distinguish fine scale temperature preferences of different species. 
Further support for the results of the present investigation is given by the modelling study of 
Daskalov et al., 2003, who found a relation between a better recruitment success of sardines 
and lower water temperatures in the NBCE. 
In the Japanese Sea (Takasuka et al., 2008) and in the north-east Atlantic (Ibaibarriaga et al., 
2007), anchovy larvae (Engraulis japonicus and E. encrasicolus, respectively) occured over a 
wider temperature range and also at higher temperatures compared to sardine larvae 
(Sardinops melanostictus and Sardina pilchardus, respectively), paralleling the pattern I 
revealed for the NBCE. Contrasting pattern was found in the Eastern Pacific, where anchovy 
larvae (E. mordax and E. ringens) preferred lower spawning temperatures than sardine (S. 
sagax), for the California (Lluch-Belda et al., 1991) and Humboldt Current (Schwartzlose et 
al., 1999), respectively. Moreover, in the southern Benguela Current, egg and larval surveys 
suggested S. sagax to be eurythermal with a preference for higher temperatures compared to E. 
encrasicolus (Twatwa et al., 2005). Thus, assuming that my data adequately reflect the actual 
physiological thermal windows of clupeoids in the NBCE, larval temperature preferences 
appear to be species- and, with regard to the Benguela Current species, even population 
specific. 
In contrast to clupeoid species, Trachurus populations were regularly observed to thrive under 
“warm conditions”, e.g. in the Humboldt Current (Alheit and Niquen 2004), the North Sea 
(Alheit et al. 2005) and the NBCE (Boyd, et al., 1985; van der Lingen et al. 2006b; Hutchings 
et al., 2009). This is reflected by the “mean temperature of the catch” which was higher for T. 
capensis than for S. sagax and E. encrasicolus (Cheung et al., 2013b). Here, I showed that a 
wide thermal window is already apparent in early life stages in T. capensis (Chapter III). This 
enables T. capensis larvae to cope with “warm water events” that develop during periods of 
quiescent upwelling and a southward extension of the ABF. These conditions were frequently 
observed during the last decade, especially in the peak spawning period of pelagic fish larvae 
during summer/autumn (Bartholomae and van der Plas, 2007; Hutchings et al., 2009). The 
tolerance of a wider range and higher water temperatures is one likely reason allowing for the 
observed wider spatial distribution of T. capensis, E. encrasicolus and S. aurita larvae. Such a 
scattered distribution can decrease the risk of larval mortality through locally confined 
deleterious environmental conditions and be an advantage for the three species over 
stenothermal S. sagax larvae. However, the E. encrasicolus stock size has been low for the last 
twenty years, suggesting that other factors than temperature, e.g. trophic interactions, are 
responsible for the poor recruitment of the species. 
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A different strategy may explain the higher maximum larval densities recorded for S. sagax 
compared to T. capensis and also E. encrasicolus. Higher larval densities can allow for 
stronger recruitment in contrast to T. capensis, provided that larval mortality is similar. This 
could be one reason why the T. capensis stock never reached a biomass similar to historic S. 
sagax levels. Although the Walvis Bay area is the most suitable spawning ground in the NBCE 
according to Bakun’s (1996) “Ocean Triad” hypothesis, a broad continental shelf assures high 
enrichment, concentration and retention of plankton (Bakun and Weeks, 2006; Kreiner et al., 
2011), there is an inherent elevated risk of recruitment failure. Various predators of fish larvae 
such as jellyfish and the amphipod Themisto gaudichaudii, concentrate in the Walvis Bay area 
during summer (Auel and Ekau, 2009; Flynn et al., 2011), which likely increases larval losses. 
Based on S. sagax larvae catches during the three GENUS cruises during March 2008, 
December 2009 and September 2010, and reported data from previous years (Kreiner et al., 
2011), high larval densities seem to be an exceptional phenomenon and an overall low 
abundance the rule, being one reason for the usually poor recruitment of sardines in the NBCE 
during the last years. 
S. aurita, a subtropical species, is invading the NBCE from the north. The occurrence of its 
larvae in the Walvis Bay region during February 2011 demonstrated suitable environmental 
conditions for spawning during summer months. Nevertheless, low larval numbers of this 
species found during the four cruises suggest that spawning in this region is not significant. 
Spatiotemporal distribution of larvae in relation to dissolved oxygen concentrations and 
metabolic adaptation 
The shoaling of hypoxic water to shallow depths, as observed during the two summer cruises 
in 03/2008 and 02/2011 (Fig. 5), is not an exceptional phenomenon. Over the last 50 years a 
trend to a shallower 2.5 mL O2 L
-1 isopleth has been observed at Walvis Bay (Ekau et al., 
2010). Therefore, tolerance to hypoxic conditions is likely an advantageous trait for fish larvae 
in the NBCE. The majority of fish larvae was caught at stations characterised by a 2.5 mL O2 
L-1 isopleth of 50-100 m depth (Fig. 5). Larvae of all four species occurred most frequently in 
well-oxygenated water bodies in the upper 50 m of the water column; but T. capensis was also 
found in deeper water layers with low oxygen concentrations (Chapter II and III). 
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Fig. 4: Larval densities of pelagic fish species (Ind. 10 m
-2
) in MultiNet hauls superimposed 
on water temperatures at 20 m depth (°C, colour bar index) during the four GENUS-cruises 
ordered by season. Crosses indicate the presence of larvae in qualitative catches when no 
parallel positive catch was made in quantitative hauls. Temperature data taken from CTD 
casts (Mohrholz, 2012 a,b,c, unpublished data) extrapolated with 30‰-DIVA-gridding (ODV 
version 4.5) 
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Fig. 5: Larval densities of pelagic fish species (Ind. 10 m
-2
) in MultiNet hauls superimposed on 
the depth of the 2.5 mL O2 L
-1 
oxypleth (m, colourbar index) during the four GENUS-cruises 
ordered by season. Crosses indicate the presence of larvae in qualitative catches when no 
parallel positive catch was made in quantitative hauls.  Oxygen data taken from CTD casts 
(Mohrholz, 2012 a,b,c, unpublished data) extrapolated with 40‰-DIVA-gridding (ODV version 
4.5) 
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Dissolved oxygen concentrations are an important abiotic factor for the physiological 
performance and survival of larvae (e.g. Rombough, 1988; Ekau et al., 2010; Pörtner, 2010). 
Furthermore shoaling of hypoxic water may affect the larval retention mechanisms described 
by Stenevik et al. (2003, and 2007), and could thereby influence larval survival. The authors 
proposed that fish larvae in the NBCE actively increase retention times in coastal waters by 
temporal vertical migrations from subsurface water layers, characterised by high prey densities 
and strong Ekman transport offshore, into water depths with onshore flow below the Ekman 
layer. Low oxygen concentrations in water depths with onshore flow could prevent hypoxia 
intolerant larvae to enter this layer and result in increased advective losses. 
A preference for well-oxygenated water was apparent for larvae of all four study species 
(Table 3) and is in accordance to earlier studies (Ekau and Verheye, 2005; Kreiner et al., 
2009). Short-term hypoxia tolerance experiments (Chapter I) showed that respiration rates of 
T. capensis larvae are not affected until oxygen concentrations reach about 1.7 mL O2 L
-1. In 
addition, the comparison of anaerobic metabolic enzyme activity (lactate dehydrogenase, 
pyruvate kinase) showed a higher activity in T. capensis compared to S. sagax and E. 
encrasicolus larvae (Michalek, 2012). Higher concentrations of these enzymes allow for a 
faster recovery from a physiological oxygen debt and are therefore regarded as proxies for 
hypoxia tolerance (Almeida Val et al., 1995; Hochachka et al, 1996; Ton et al., 2003). 
Furthermore, juvenile T. capensis were shown to tolerate short- to medium exposure (up to 24 
hours) to severe hypoxia (at 20°C: Pcrit< 20% O2 sat., Chapter I), which may enable them to 
exploit food sources in the oxygen minimum zone. 
 
Thus, physiological and biochemical traits suggest a good adaptation of T. capensis ELH 
stages to short-term hypoxic exposure, and assumingly higher than in S. sagax and E. 
encrasicolus. This species-specific difference is another likely advantage for T. capensis, 
supporting its more successful recruitment under present NBCE environmental conditions. 
Table 3: Dissolved oxygen concentrations (mL O2 L
-1
) at the closing depths of nets with 
positive larval catches, separately for the four coastal pelagic fish species (all positive nets 
from MultiNet hauls included). Oxygen data taken from CTD casts (Mohrholz, 2012 a, b, c, 
unpublished data) 
 N (nets) Min. 25% median 75% Max 
S. sagax 27 0.16 2.54 4.66 5.68 6.20 
E. encrasicolus 57 0.57 2.92 4.67 5.58 6.35 
S. aurita 24 0.98 2.30 3.88 5.41 6.10 
T. capensis 107 0.13 2.23 4.28 5.20 6.35 
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Response to environmental key factors –perspectives 
A next step in this line of research would be the investigation of coupled effects of temperature 
and oxygen concentration in different life stages of the four study species to define their 
physiological “thermal windows” (sensu Pörtner, 2010). In addition to the determined standard 
and routine metabolic rates in this study, the response of (a) active metabolic rates measured at 
maximum sustained swimming speed, (b) the maximum metabolic rate measured after 
exposure to stress, and (c) specific dynamic actions of fed larvae exposed to low oxygen 
levels, should be investigated. 
Access to live clupeoid larvae involves hatching them from eggs, since they are almost 
impossible to catch and maintain alive in captivity (pers. obs.). Therefore, indirect approaches, 
such as interspecific comparisons at the molecular (e.g. hypoxia inducing factors, HIF; heat 
shock complex, see also: Richards, 2009) and the biochemical level, extending the work of 
Michalek (2012) (e.g. adaptation mechanisms of metabolic suppression: anaerobic enzymes, 
metabolic end products), could provide a better understanding of the mechanisms involved. 
Further, hypoxia exposure experiments, the subsequent determination of growth rates and the 
molecular and biochemical response could reveal insights into the acclimatisation potential of 
larvae at different time scales (hours to weeks). Finally, since the ontogenetic development of 
gill structures and haemoglobin production positively affect hypoxia tolerance (Rombough, 
1988), the onset of these processes could differ among the four species and favour species with 
an earlier development. 
Trophic ecology, nutritional condition and growth - synoptic results and discussion 
Trophic ecology 
Daytime feeding was shown for larvae of three investigated species (except S. aurita, whose 
larvae had empty guts throughout, Chapters II and III). This behaviour has been described for 
members of the investigated genera in a number of studies (Arthur, 1976; Young and Davis, 
1992; Morote et al., 2008 and 2010; Sassa and Tsukamoto, 2012). T. capensis showed a much 
higher feeding success in comparison to clupeoid larvae in terms of the relative amount of 
filled guts (Chapter II and III). To a certain extent, this result was likely biased by 
regurgitation in clupeoid larvae during the catching process, which are facilitated by their 
straight gut in contrast to the looped gut of T. capensis. 
T. capensis larvae were found to ingest larger prey items than clupeoid larvae (Fig. 6). This 
difference was less pronounced between T. capensis and S. sagax, when prey width was 
related to the ontogenetic index (OL) instead of body size at OL> 0.72 (Fig. 6). Access to a 
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wider prey size spectrum earlier in life could cause the relatively higher gut fullness of T. 
capensis larvae and is a hint that they are more successful feeders than clupeoid larvae. 
Gut content composition of S. sagax, E. encrasicolus and T. capensis larvae was dominated by 
different groups and life stages of copepods (Fig. 7). In all three species, a shift from smaller 
(eggs, nauplii, Harpacticoida) to larger (Calanoida, Euphausiacea larvae) prey items with 
increasing body size was observed (Fig. 7). Of notable difference was the significant 
proportion of small copepods of the genera Oithona and Oncaea in the guts of T. capensis, 
which were almost absent in the guts of the two clupeoid species (Fig. 7). By comparison, 
copepod nauplii are typical first-food of clupeoid larvae (Blaxter and Hunter, 1982) and were 
important in the diet of small S. sagax and E. encrasicolus larvae (Fig. 7). Since clupeoids 
show a higher dependence on copepod nauplii as first food than T. capensis, the match-
mismatch risk for clupeoid larvae is higher, and the wider prey spectrum of small T. capensis 
makes them less vulnerable to starvation.  
Off Walvis Bay, the copepod community was subject to changes during the last decades: 
copepod abundance increased from the 1970-1980s to 2000-2007, whereas average copepod 
size decreased due to a shift to the cyclopoid genus Oithona as dominant copepod group 
(Verheye and Kreiner, 2009). Since 2000, absolute numbers of Oithona sp. increased, whereas 
most calanoid species showed negative anomalies since the mid-2000s (Verheye and Kreiner, 
2013). The low number of clupeoid larvae with full stomachs impedes robust conclusions, but 
if clupeoid species relied on copepod nauplii and were not able to prey on smaller copepodit 
stages (e.g. Oithona sp.), it would disadvantage them, in comparison to T. capensis under 
current NBCE conditions. Differences in the development speed of the jaws, with a much 
earlier ossification in Trachurus (T. capensis, 3-5 mm SL, Haigh, 1972) in comparison to 
Sardinops (S. melanostictus, 10-20 mm, Matsuoka, 1997), and a typically larger mouth width 
Fig. 6: Ontogenetic development of prey size spectra, represented by prey width, in S. sagax, 
E. encrasicolus and T. capensis larvae. The x-axes give both the actual body size and the 
ontogenetic index (Fuiman, 1994, and 2002) to account for differences in larval morphology. 
Data are shown as means and range. Italic numbers on top of each graph refer to analysed 
guts and numbers above the whiskers represent the respective prey item counts. The range 
of the x-axes is not equal for the three species 
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of Trachurus (Arthur, 1976; Hunter 1980), support this hypothesis. This functional advantage 
allows T. capensis larvae to feed on more agile, larger and more nutritious prey (copepodits vs. 
nauplii) earlier in life. 
For all four species, ???????? ?15N-signatures were measured when caught during the same 
season or at the same station (Fig. 8; Chapter II and III). This indicates similar prey spectra of 
the larvae at the third trophic level supporting the results from gut content analyses. For T. 
capensis, sample number from three cruises allowed for a high resolution of continuous size 
classes. In all three years, ????????????????15N-signatures with body size was observed (Fig. 8), 
which indicates a continuous diet shift towards a higher trophic level with size. These results 
support the positive correlation between increasing body size from larval to juvenile stages and 
a) the size of ingested calanoid copepods as well as b) the proportions of fatty acid trophic 
markers for carnivory/calanoid copepods (Chapter III). Furthermore, feeding on larger, more 
nutritious prey items is needed to meet the increasing energy demand at larger body size 
(Chapter I). For S. sagax and E. encrasicolus, sample size and size distribution did not allow 
for a similar resolution of the ????? ????????? ???? ?????? ?15N-signatures measured during the 
spring cruise in 2010 were probably caused by a baseline shift, since a trend to lower ?15N-
signatures in phytoplankton at colder temperatures indicative of recent upwelling was observed 
(Chapter II). 
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Fig. 7: Gut content composition of S. sagax, E. encrasicolus and T. capensis larvae and 
juveniles as generalised importance index (%GII, Assis 1996) based on relative abundance, 
relative biovolume and frequency of occurrence. Each species is split into a smaller (light 
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Significant proportions of fatty acid trophic markers (FATM) for diatoms were regularly 
measured in larvae all four species suggesting that the diatom-based food web is equally 
important for all of them (Chapter II and III). Clupeoid larvae showed a similar fatty acid 
composition, indicating potential food competition in the case of limited resources (Chapter 
II). T. capensis larvae showed significantly lower proportions of diatom and dinoflagellate 
trophic markers and higher proportions of heterotrophy markers and stearic acid (Table 4), 
which is an additional indication of a dinoflagellate-based diet (Dalsgaard et al., 2003). The 
higher amount of FATM related to a dinoflagellate-based diet in T. capensis larvae is probably 
reflecting its distribution pattern. They occurred in warmer water indicative of quiescent 
upwelling. Under these conditions, dinoflagellate blooms and smaller copepods (e.g. Oithona 
sp., Oncaea sp.) are favoured, with the latter making up a significant amount in the guts of T. 
capensis larvae (Fig. 7).  
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Nutritional condition and daily growth rates 
Total fatty acid (TFA) -content in muscle tissue of fish larvae was low, probably due to a 
limited storage of lipids above the basic amount of structural lipids (Osako et al., 2003) caused 
by priority investment of surplus energy into growth during the larval phase. T. capensis larvae 
had a significantly higher TFA-content in their muscle tissue compared to E. encrasicolus 
larvae in 3 of 4 cruises, but not in comparison with S. sagax larvae (Table 5). This indicates 
perennially better feeding- and hence nutritional conditions in T. capensis compared to E. 
encrasicolus and may be another reason, why T. capensis is the more successful of the two 
species with a wide-spread distribution. The average TFA-content of E. encrasicolus was also 
lower than in larvae of the same species from the Mediterranean (4.2 ± 0.8 % DM, Costalago 
et al., 2011), which suggests that nutritional condition and not species-specific differences 
were the cause for its lower TFA-content in comparison to T. capensis. 
 
Table 4: Comparison of fatty acid trophic marker (FATM) and stearic acid (18:0) proportions (% 
of total fatty acids, as mean ± standard deviation) in muscle tissue of S. sagax, E. encrasicolus 
and T. capensis larvae. Results of interspecific comparisons using Welch-ANOVAs accounting 
for inhomogeneity of variances are given  
 S. sagax E. encrasicolus T. capensis F-value p-value 
n 18 41 121   
Diatom FATM 6.4 ± 0.3 6.4 ± 0.2 4.9 ± 0.1 21.89 <0.0001 
Dinoflagellate FATM 1.4 ± 0.5 1.5 ± 0.5 0.9 ± 0.5 25.36 <0.0001 
Heterotrophy FATM 5.7 ± 2.6 6.3 ± 1.4 7.2 ± 2.5 5.56 0.0071 
Stearic acid (18:0) 6.0 ± 2.3 5.1 ± 1.1 8.5 ± 1.5 122.14 <0.0001 
 
Table 5: Total fatty acid (TFA)-content (% DM, as mean ± standard deviation) in muscle tissue 
of S. sagax (<20 mm SL), E. encrasicolus (<22 mm SL) and T. capensis (<20 mm SL) larvae 
during the four cruises. Interspecific comparisons for each cruise and intraspecific 
comparisons between cruises were analysed using ANOVA or t-test, respectively. Welch 
ANOVA was applied in case of inhomogeneity of variance. Respective sample size denoted in 
brackets 
mm/yyyy S. sagax E. encrasicolus T. capensis F-/t-value p-value 
09/2010 
3.85 ± 0.32 
(6) 
3.11 ± 0.47 
(11) 
3.77 ± 0.38 
(15) 
8.71 0.0032 
12/2009  
2.90 ± 0.34  
(5) 
3.97 ± 0.67 
(11) 
3.79 0.0008 
02/2011 
3.14 ± 0.40 
(9) 
3.32 ± 0.75  
(4) 
3.62 ± 0.81 
(35) 
2.91 0.11 
03/2008  
3.00 ± 0.24  
(7) 
3.58 ± 0.65 
(27) 
4.22 0.0009 
F-/t-value -3.60 0.75 0.97   
p-value 0.0032 0.53 0.41   
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Larvae of the slender clupeoid species showed a faster average growth in length per day 
compared to the stout T. capensis larvae. At a similar length of 6 mm SL, larvae of S. sagax 
(0.50 mm d-1) and E. encrasicolus (0.55 mm d-1) grew almost at double speed compared to T. 
capensis (0.28 mm d-1, Chapter III). However, expressing that growth in biomass, these 
relationships between species were opposite. T. capensis grew significantly faster (0.0655 mg 
d-1) than E. encrasicolus (0.0250 mg d-1) and S. sagax larvae (0.0090 mg d-1, Chapter III). 
Increased food availability and temperature positively affect growth rate and feeding activity 
in fish larvae (Houde, 1989; Aldanondo et al., 2008; Takahashi et al., 2012), hence explaining 
the higher daily growth in biomass, i.e. feeding success in T. capensis larvae. 
Trachurus larvae show a “hover and dart” foraging behaviour, as indicated by their 
comparatively high routine metabolic rates (Chapter I) and a high burst swimming capacity 
(Masuda, 2009), resembling the Scombriform foraging type described by Hunter (1980). Their 
better nutritional condition (TFA-content) and higher biomass growth rates suggest this 
strategy to be more effective than the “stalker” strategy of clupeoid larvae, which move less 
and dart with a highly sinuous feeding posture (Blaxter and Hunter, 1982). Feeding attacks of 
clupeoid larvae lack persistence, prey must be near to be perceived, and the volume of water 
searched for food is remarkably small (Hunter, 1980; Blaxter and Hunter, 1982). 
Interspecific differences in digestive efficiency could be another reason for the observed 
differences in nutritional condition and growth rates. In clupeoid species, conversion efficiency 
is generally low (Brett and Groves, 1979). An interspecific comparison of the activity of 
digestion and digestive enzymes would permit further insights. Future determination of gut 
retention- and evacuation times and excretion rates could specify energy budgets for larvae, an 
important prerequisite for accurate food web- and biophysical models. 
The comparison of nutritional condition factors (k) between cruises revealed significantly 
higher values during the peak spawning period in summer for all species (Chapter II and III). 
During February 2011, k was significantly lower in S. sagax and S. aurita larvae, as was the 
TFA-content in S. sagax larvae (Table 5). During that period, food competition among fish 
larvae around Walvis Bay, which was dominated by S. sagax (Fig. 4), probably led to the 
overall poor nutritional conditions of fish larvae. In the NBCE, the periods of maximum food 
availability (winter-spring) and shelf retention (summer) are separated, and peak spawning of 
sardines occurs under maximum shelf retention periods (Brochier et al., 2011, Kreiner et al., 
2011). These specific conditions increase the risk of food limitation especially for the less 
efficiently feeding clupeoid larvae, and make a density effect in February 2011 likely, which 
has been rarely demonstrated for marine fish larvae to date (Houde, 2008). Interestingly, 
estimates of S. sagax recruitment, based on cohort analyses of length frequency data and 
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acoustic surveys, were higher for the years 2008-2010 than for 2011 and 2012 (Nadine Moroff, 
NatMIRC, pers. comm.). Thus, a quantitative comparison of fish larvae abundances only, 
appears insufficient to infer recruitment success. In lieu thereof, quality measures such as 
nutritional condition can provide higher predictive conclusions. 
In contrast to S. sagax larvae, the nutritional condition of T. capensis was not significantly 
different between March 2008 and February 2011. Thus, T. capensis seems to be less affected 
by the proposed lower concentration of food organisms compared to S. sagax, probably 
because of advantages in its feeding ecology described above. 
T. capensis larval nutritional condition was better under a shallow 2.5 mL O2 L
-1 oxypleth 
(Chapter III). Bertrand et al. (2011) hypothesised that shoaling of the Humboldt Current 
hypoxic zone leads to a concentration of plankton in the surface water layers and similar 
observations of copepod species concentrating above hypoxic layers were made in the NBCE 
(e.g. Calanoides carinatus: Verheye et al., 2005; Auel and Verheye, 2007). Taking up this 
hypothesis, T. capensis may have benefitted from higher plankton densities, leading to its 
improved nutritional condition. Active behaviour and a robust body probably allows them to 
deal more successfully with negative consequences of higher plankton concentrations, e.g. 
increased encounters with potential predators, than the more fragile clupeoid larvae. An 
association of Trachurus larvae and juveniles with jellyfish has been described repeatedly (see 
Masuda, 2006 and 2009). For example, T. japonicus larvae (>11 mm) and juveniles associate 
with jellyfish, using them as shelter and prey collectors. Higher growth rates of larvae kept 
with jellyfish indicate the advantage of this relationship for fish larvae (Masuda, 2006 and 
2009). In contrast, Japanese anchovy (E. japonicus) larvae were highly vulnerable to jellyfish 
predation (Masuda, 2011). If T. capensis behaved similar to their Japanese conspecifics, it 
might benefit from increasing jellyfish abundance in the NBCE (Lynam et al., 2006; Flynn et 
al. 2012). 
Trophic ecology – perspectives  
I showed that the trophic position of larvae of coastal pelagic fish species in the NBCE is 
similar under the same environmental conditions and revealed their feeding preference for 
different copepod groups (Chapter II and III). However, differences in feeding preferences 
remain unaccounted for lower taxonomic levels of prey items. In this regard, Schukat (2012) 
discovered a highly diverse feeding ecology of calanoid copepods in the NBCE and time-series 
data revealed that abundances of different calanoid species in the NBCE did not follow parallel 
trends over the last ten years (Verheye and Kreiner, 2013). In addition, small or soft-bodied 
prey items (e.g. microzooplankton) are difficult to detect with gut content analysis. Thus, a 
higher taxonomic resolution of the prey groups “nauplia” and “calanoida” and screening for 
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small organisms (e.g. ciliates) via molecular tools (e.g. Vestheim et al., 2005; Martin et al., 
2006; King et al., 2008; Troedsson et al. 2009) has the potential to reveal important dietary 
differences among fish species. 
Furthermore, organisms of the same prey species may constitute a variable biochemical 
composition at different times, e.g. relative to the successional state of the plankton 
community. A variation in protein- and lipid content and/or lipid composition of prey items 
can heavily affect the nutritional condition of fish larvae (Copeman and Laurel, 2010). Thus, in 
addition to density-dependent processes leading to food competition among and within 
species, and the potential influence of digestive efficiency discussed above, the biochemical 
composition of prey organisms may also be responsible for inter-specific and seasonal 
differences in nutritional condition of fish larvae. A concerted attempt, i.e. the determination of 
nutritive values of prey organisms and the analysis of indicators for larval nutritional 
conditions, can unravel small-scale tropho-dynamic interactions. The use of nucleic acid 
derived indices (reviewed by Chícharo and Chícharo, 2008) and lipid class composition 
(Håkanson, 1993; Osako et al., 2003), in addition to the methods applied in this thesis, is 
suggested to broaden the foundation of interspecific comparisons. 
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Conclusion and Outlook 
Considering their lower abundance, biomass and spatiotemporal patchiness, the direct effect of 
small and medium pelagic fish larvae on overall matter fluxes in the NBCE is likely negligible 
in comparison to other plankton groups, such as Copepoda (Schukat, 2012) and Euphausiacea 
(Thorsten Werner, AWI, pers. comm.). Nevertheless, they may influence zooplankton 
densities over locally and temporally restricted scales, when occurring in high numbers. The 
stronger but indirect impact of larval stages on the ecosystem is via recruitment success and 
subsequently adult stock size. 
In this thesis, I showed that several ELH traits distinguish the four investigated species. The 
investigated ELH traits have the potential to explain the comparatively good recruitment of the 
T. capensis stock during the last two decades in the NBCE. My findings also contribute to a 
better understanding of the higher resilience of perciform species to smaller stock sizes and 
changing environmental conditions. They suggest an integration of ELH traits into life history 
and stock recovery theories, which have been mainly related to adult life history traits before 
(Rochet, 2000; Winemiller, 2005). 
The four coastal pelagic fish species in the NBCE (Clupeiformes: S. sagax, S. aurita and E. 
encrasicolus; Perciformes: T. capensis) share important life history characteristics sensu 
Winemiller (2005). As “periodic strategists”, their fitness is maximised when the influence of 
environmental variation on early life stages survival is periodic and large-scale (Winemiller 
and Rose, 1993). They share common traits, being schooling species, multiple batch spawners 
showing low parental investment with pelagic eggs and larvae that contain little yolk (Fréon et 
al., 2005; Annex II and III). In contrast, adult feeding preferences and prey spectra are 
different, with T. capensis and E. encrasicolus being particle-feeders of larger prey compared 
to filter-feeding sardines (van der Lingen et al., 2006a; Annex II and III). The potential life 
span distinguishes the longer-lived perciform T. capensis from the shorter-lived Clupeiformes 
(Annex II and III). However, under the current fully-exploited or collapsed stock conditions, 
both the T. capensis and S. sagax stocks in the NBCE show a trend towards earlier maturation 
and consist to a great part of small, young fish (Annex II and III; Kirchner et al., 2010; Kreiner 
et al., 2011; no information available for S. aurita and E. encrasicolus). T. capensis are, up to 
the age of two years, epipelagic and zooplanktivorous (Venter, 1976 as cited in: Boyer and 
Hampton, 2001), thus possessing traits that are also typical for Clupeiformes (Rochet, 2000; 
Fréon et al., 2005). 
A shorter life span and earlier maturation have been related to an amplification of the 
variability of fish populations and closer tracking of climate forcing (Perry et al., 2010). Myers 
et al. (1999) determined a higher steepness parameter of the stock-recruitment function 
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(Beverton and Holt, 1957) for Trachurus trachurus (0.75), the sister species of T. capensis, 
than for Sardina pilchardus (0.34), S. sagax (0.59) and E. encrasicolus (0.47). This indicates a 
higher resilience of Trachurus species against a reduction of the spawner biomass. Following 
Rochet (2000), this is caused by a different life-history strategy of Perciformes and 
Clupeiformes, with Perciformes having a higher capacity to compensate for low spawner 
abundance by modulating their fecundity. 
Importantly, this thesis revealed that early life history traits should serve as additional 
explanation for the higher resilience of Trachurus stocks to changing environmental 
conditions. T. capensis appears to follow a different strategy than clupeoid species. The 
scattered distribution of T. capensis larvae and lower maximum densities, together with a 
higher feeding success, make them less vulnerable to starvation. T. capensis larvae tolerated 
high water temperatures and low oxygen levels. They appeared to be voracious feeders under 
different plankton compositions, leading to a constantly high nutritional condition compared to 
clupeoid larvae. In addition, Trachurus larvae were more robust to physical damage making 
them less susceptible to predation (Masuda, 2009). Accordingly, T. capensis larvae in the 
NBCE may be favoured by the present “warm period”, which is characterised by frequent 
intrusion of warm, tropical waters and quiescent upwelling conditions, shoaling of hypoxic 
zones during the peak spawning period in summer and changes in the zooplankton community 
towards small copepod species (Hutchings et al., 2009, Verheye and Kreiner, 2009, and 2013). 
E. encrasicolus‘s inferred tolerance of higher temperatures, when compared to S. sagax larvae, 
contrasts the temperature preferences at the adult stage. E. encrasicolus‘s preference for colder 
conditions can be derived from high landing numbers during the “cold period” in the NBCE 
during the 1980s (Fig. 2; Hutchings et al., 2009) and the comparison of the “mean temperature 
of the catch” of the two species (Cheung et al., 2013b). Furthermore, the adaptation of adult E. 
encrasicolus, towards larger prey items, led to the hypothesis that they are nutritionally 
favoured under “cold conditions” (van der Lingen et al., 2006a). Thus, in addition to the 
observed low nutritional condition of their larvae, E. encrasicolus may presently be limited in 
the NBCE due to unfavourable trophic condition the subsequent adult life history stage, 
leading to decreased numbers and quality of offspring. 
In contrast, S. sagax adult stages should benefit from the present “warm period” in the NBCE. 
However, low egg and larval numbers observed during the last decade (Kreiner et al., 2011) 
and GENUS cruises, together with the small adult stock size, indicate that environmental 
conditions have rather been unfavourable for sardines, hence limiting their recruitment 
success. At the adult stage, the small stock size and reduced body size of spawning females 
likely led to a reduced population fecundity (Kreiner et al., 2011). In addition, high jellyfish 
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densities in adult feeding grounds between Walvis Bay and Lüderitz (Bakun and Weeks, 2006; 
Flynn et al., 2011) may impede swarm formation and increase the energy demand for 
swimming. Furthermore, they could force sardines to exert evasive manoeuvers to avoid 
collisions and disturb their preferred filter-feeding mode. Such a disturbed energy budget may 
thus ultimately lead to inferior offspring quantity and quality. At the larval stage, high water 
temperatures probably prevented intense spawning or caused high mortalities in the north of 
the NBCE, restricting S. sagax larvae to the Walvis Bay region. There, extended periods of 
quiescent upwelling during the peak spawning season in summer may not provide sufficient 
food for high concentrations of sardine larvae, as observed during February 2011. Food 
limitation due to density effects is probably a more severe problem for clupeoids because their 
reproductive strategy is primarily focused on producing very high numbers of relatively fragile 
larvae with a poor feeding success (Hunter and Blaxter, 1982; Rochet, 2000; Fréon et al., 
2005). 
Based on the findings of this thesis, the population sizes of coastal pelagic fishes observed in 
the NBCE are strongly influenced by processes during ELH stages. I assume that ELH traits 
play a similarly important rule in other EBUE, such as the northern Humboldt Current 
ecosystem off Peru. There, S. sagax disappeared while T. murphyi and E. ringens increased in 
fisheries landings around 2000, along with a warming of the system and shoaling of hypoxia 
(Chavez et al., 2008; Bertrand et al., 2011). Thus, further investigations of ELH traits to 
unravel fine-scale larvae-environment interactions, as outlined in the perspectives, together 
with modelling approaches to link those interactions to recruitment rates and adult stock sizes, 
should be the focus of future investigations in the NBCE and other upwelling systems. 
As a prediction, the pelagic fish community composition in the NBCE will depend on the 
future development of upwelling intensity related environmental processes. If upwelling 
increases with global warming, as assumed by Bakun (1990), the resulting “cold period” will 
improve the chances of S. sagax and E. encrasicolus stocks to recover, whereas the 
continuation of the present “warm period” will mainly favour T. capensis. However, increased 
frequencies of severe Benguela Niño events would probably negatively affect T. capensis as 
well (Gammelsrød et al., 1998). If shoaling of hypoxic conditions continued also in the “cold 
period”, recovery of the presumably less hypoxia-tolerant clupeoid species would likely be 
hampered. In light of uncertain future development of environmental conditions during the 
next decades, conservative fishery quotas seem to be crucial to ensure a sustainable harvest of 
T. capensis and facilitate the recovery of depleted S. sagax and E. encrasicolus stocks in the 
NBCE. Furthermore, the integration of knowledge on ELH traits, gained through this thesis, 
into new ecosystem-based management models, provides an enormous potential to improve 
present management practices of fisheries resources. 
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1. Abstract  
Trachurus capensis is an important pelagic fisheries resource in the degraded Namibian 
upwelling ecosystem. Food supply and shoaling of hypoxic zones are hypothesised to 
influence the species’ recruitment success. This paper is the first to quantify energy 
requirements and hypoxia tolerance of larval and juvenile stages of a Trachurus species. We 
measured normoxic respiration rates of T. capensis with a size range from 0.001-20.8 g wet 
mass (WM) collected off Cape Town (33.9°S, 18.5°E, 12/2009) and in the northern Benguela 
(17-24°S, 11-15°E, 02/2011). Routine metabolic, RMR, and standard routine rates, SRR, (mg 
O2 h
-1) followed the allometric functions RMR = 0.418 WM0.774 and SRR = 0.275 WM0.855, 
respectively. Larvae and juveniles had comparatively high metabolic rates, and the energy 
demand of juveniles at the upper end of the size range appeared too high to be fuelled by a 
copepod diet alone. T. capensis’ early life stages showed a high tolerance to hypoxic 
conditions. RMR in larvae did not change until 30% O2sat at 18°C. In juveniles, critical oxygen 
saturation levels were low (PC for SRR = 11.2 ± 1.7% O2sat and PC for RMR = 13.2 ± 1.6% 
O2sat at 20°C) and oxy-regulation effective (regulation index = 0.78 ± 0.09). A high hypoxia 
tolerance may facilitate the retention of larvae in near-shore waters providing favourable 
feeding conditions and allowing juveniles to exploit food resources in the oxygen minimum 
zone. These mechanisms seem to well adapt T. capensis to a habitat affected by spreading 
hypoxic zones and probably enhance its recruitment success. 
2. Introduction  
The expansion of hypoxic and anoxic zones in coastal seas and particularly upwelling systems 
is one of the major threats for ecosystem functioning (Grantham et al. 2004, Levin et al. 2009, 
Bakun et al. 2010b, Ekau et al. 2010, Gilly et al. 2013). 
The Northern Benguela Current ecosystem (NBCE), situated off the Namibian coast and 
bounded by the perennial Lüderitz upwelling cell in the south and the Angola-Benguela Front 
in the north, is regarded as an example for negative future scenarios in coastal ecosystems 
(Bakun et al. 2010a). Overexploitation and environmental changes induced a regime shift in 
the 1970s and 1980s resulting in a new ecosystem state (Cury and Shannon 2004, van der 
Lingen et al. 2006). Before this shift typical small pelagic fishes of upwelling systems, 
sardines (Sardinops sagax) and anchovies (Engraulis encrasicolus), were the key species in 
the food web. To date, Cape horse mackerel (Trachurus capensis), hakes (Merluccius capensis 
and M. paradoxus), bearded goby (Sufflogobius bibarbatus) and jellyfish dominate the system 
(Cury and Shannon 2004, Hutchings et al. 2009, Flynn et al. 2011) with T. capensis being the 
major pelagic fisheries resource, however, without reaching the historic biomasses and catches 
recorded for sardines and anchovies (FAO 2012). The expansion of oxygen minimum zones 
Chapter I Energy demand of larval and juvenile T. capensis 
54 
(OMZ) and a change in zooplankton composition have been suggested as major agents 
stabilizing the new ecosystem state (Hutchings et al. 2009, Bakun et al. 2010b, Ekau et al. 
2010). Ekau and Verheye (2005) and Kreiner et al. (2009) suggested from their vertical 
distribution that larvae of pelagic fishes (S. sagax, E. encrasicolus, T. capensis) avoid low 
oxygenised waters (<2.5 mL O2 L
-1). Thus, knowledge of their physiological capacity is crucial 
to understand the underlying mechanisms of recruitment success or failure (Neill et al. 1994). 
Recruitment success is a major factor determining fish stock dynamics as planktonic early life 
history (ELH) stages are considerably vulnerable to changes in their environment (see reviews 
of Houde 2008, Bakun 2010, Drinkwater et al. 2010). Food limitation and narrow tolerance 
windows for environmental parameters, such as temperature, oxygen, pH, can negatively affect 
growth and survival in ELH stages in a changing environment (Hjort 1914, Houde 1987, 
Cushing 1990, Pörtner 2010). 
In fishes, oxygen uptake (MO2) can be used as proxy for energy use (Winberg 1956, Fry 1971) 
and oxygen consumption determined in respiration measurements, depending on the activity 
level of the fish. According to Fry (1971), it ranges from the standard metabolic rate (SMR) 
which is the minimal energy required to keep a resting, unfed fish alive, to the maximum 
metabolic rate (MMR). Within this range, the routine metabolic rate (RMR) is the average MO2 
of an unfed fish at normal or spontaneous activity level. The active metabolic rate (AMR) is 
defined as the oxygen uptake at maximum sustained swimming (Behrens and Steffensen 
2007). The metabolic scope allows an estimation of the amount of energy available for 
investments other than maintenance of basic body functions. Its factorial form allows a 
comparison over large size ranges (Killen et al. 2007). It is defined as the difference between 
SMR and MMR and marks the scope for activity, which is reduced at lower oxygen levels (Fry 
1971, Neill et al. 1994). A common measure of the metabolic response to hypoxia is the 
critical partial pressure of oxygen (PC) defined as the “level of no excess activity”, when 
aerobic scope is zero (Fry 1971). 
The first physiological evidence for the restructuring potential of hypoxia in the NBCE came 
from respiration experiments with adult S. bibarbatus (PC = 5.5 ± 0.3 % O2sat at 12°C). Their 
high tolerance of extremely low oxygen levels favours their role in the current ecosystem state 
(Utne-Palm et al. 2010). Despite of the high and worldwide ecological and economic 
importance of Trachurus species (FAO 2012), physiological studies have been carried out on 
adults only (T. trachurus: Wardle et al. 1996, Shulman and Love 1999, Herrmann and Enders 
2000; T. japonicus: Ikeda 1970; T. murphyi: Chekunova and Naumov 1978). Here, we present 
energy requirements and hypoxia tolerance levels of larval and juvenile stages of a Trachurus 
species for the first time. 
 Energy demand of larval and juvenile T. capensis  Chapter I 
55 
This study is an integral part of the larger GENUS research program (Geochemistry and 
Ecology of the Namibian Upwelling System), which aims to investigate and model energy and 
material fluxes of important players to understand the mechanisms and driving forces behind 
the changes in the Benguela upwelling ecosystem. 
We address the following major questions:  
1) What is the energy demand of larval and juvenile T. capensis under normoxic 
conditions and how does this transfer in units of typical prey items? 
2) How well are early life stages of T. capensis adapted to exposure of hypoxic water 
conditions of short- to mid-term durations (hours to two days)? 
 
3. Materials and Methods 
3.1 Collection and maintenance of fish 
The majority of T. capensis larvae and juveniles used in our experiments were caught in the 
NBCE (26° 40’ S to 11° 10’ S) during Cruise No. 17-3 of the research vessel Maria S. Merian 
(MSM) in February/March 2011. They were caught in the upper 50 m of the water column with 
different types of plankton nets trawled at a maximum ship speed of 1 m s-1 (Ekau et al. 2012). 
A ring net (mouth area: 2 m2, mesh size: 1000 µm), deployed in the upper 30 m of the water 
column for 1-5 min per haul with the ship drifting, yielded the best results in terms of numbers 
and quality of live larvae when jellyfish were not too abundant. Live Trachurus were isolated 
immediately after capture and kept in separate aquaria (0.5-20 L, depending on fish size). The 
aquaria were maintained with aerated, pre-filtered seawater at a constant temperature of 18°C, 
which closely corresponded to the in-situ temperature at the catching depth (± 2°C). Juvenile 
fish being in good condition at the end of the cruise were transferred to the Leibniz Center for 
Tropical Marine Ecology (ZMT) in Bremen, Germany, to continue experiments. There, they 
were kept in tanks equipped with a biofilter and filled with artificial seawater reflecting in-situ 
salinities at 18°C for up to seven months after catch. On board MSM and at ZMT, fish were fed 
either with wild-caught copepods or reared Artemia enriched with DHA-Selco and kept under 
a 12 h/12 h artificial light/dark regime. 
In addition, larger juveniles were caught with a sink net operated from a pier in Cape Town 
during December 2009. Fish were kept in two 500 L tanks containing filtered seawater at 19 ± 
1°C at the Marine Research Aquarium (MRA) in Sea Point, Cape Town. Facilities there 
allowed the fish to acclimatize and readapt normal schooling patterns under natural light 
conditions (14 h/10 h). 
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3.2 Normoxia experiments 
In total 58 respiration experiments were conducted. 45 experiments took place directly on 
board the MSM during February/March 2011. Seven experiments on juveniles were done at 
ZMT from May to September 2011, and six at MRA during December 2009. Experiments were 
conducted on a 12 h/12 h day/night light regime at salinity 35. Experimental water 
temperatures were kept constant by submersing the respiration chamber in a temperature-
controlled water bath. The respirometer was screened off with black plastic material to prevent 
external disturbance, and a miniature camera remotely recorded the behaviour of the fish. To 
reduce microbial activity, seawater was micro-filtered (ACROPAK 1000 filter cartridge, 
0.8/0.2 µm) and all components of the respirometry setups were carefully cleaned, using 70% 
Ethanol and rinsed in distilled water after each experiment. Metabolic rate measurements were 
conducted on animals in a post-absorptive state to minimize the effect of specific dynamic 
action. Therefore, larvae were not fed for 24 h and juveniles for 36 to 48 h prior to an 
experiment, taking into account increasing gut evacuation times with body size. Due to the 
limited duration of a research cruise, the minimum time period between catch and experiment 
for larvae on board MSM was set to two days, thus allowing the larvae to recover from 
catching stress. Only larvae showing normal swimming and feeding behaviour were chosen for 
experiments. Juveniles were kept for at least 15 d between catch and experiments on board 
MSM and at MRA. Time span between transport and experiment at ZMT was at least two 
months. At the end of the experiments, wet body mass (WM) of larvae was obtained using a 
fine balance (Sartorius ME36S, accuracy: 0.1 mg) after blotting larvae on precision wipes to 
remove any water. Juvenile fish were weighed alive right after an experiment (Kern 572, 
accuracy: 0.1 g). 
3.2.1 Data collection 
Individual respiration rates (MO2, mg O2 h
-1) were measured in two different respirometry 
systems. Respiration rates of larvae of 1.0-8.4 mg WM were determined in a closed system 
consisting of a 20 mL glass vial equipped with a temperature-compensated optical oxygen 
sensor spot (PreSens). A slowly rotating, glass-coated magnetic stirrer guaranteed good mixing 
in the respiration chamber, shielded by a gauze housing to prevent direct contact with the 
larva. 19 experiments were conducted under normoxic conditions (100-70% O2sat = dissolved 
oxygen saturation in the respirometer) at temperatures from 15.9 to 18.1°C. At 70% O2sat, 
50% of the water in the respirometer was exchanged by fresh, fully saturated water to allow 
experiments between 244-1091 min. Respiration rates of older larvae and juveniles (8 mg to 
20.8 g) were measured in an automated intermittent-flow system described by Zimmermann 
and Kunzmann (2001) in 39 normoxia experiments. Here, the desired upper and lower oxygen 
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saturation levels of the measuring phase were set to 90 and 70% O2sat prior to the experiment. 
Whenever the lower oxygen limit was reached, the respirometer automatically opened a valve 
to flush aerated seawater into the system. The valve closed again upon reaching the upper 
oxygen limit. The mixing phase (Herrmann and Enders 2000) was excluded from MO2 
calculations. Three setups were used to account for differences in fish size, all equipped with 
optical oxygen sensor probes (Online Resource 1). In both systems, O2sat was logged in the 
respirometer continuously every minute. 
3.2.2 Data analysis 
Individual MO2 were calculated for subsequent 10 min intervals via the slope of the linear 
regression describing the rate of decrease in % O2???? ???? ????? ????? ????2???? ??-1). The 
standard formula for closed-system respirometry (Schurmann and Steffensen 1997) was used: 
MO2 (mg O2 h
-1) = c * Vresp ???? 
where c = slope, Vresp ?????????????????????????????????????????????????????????????????????????
?? ??????????? ??? ??????? ??? ???? ??????? ?? ???? ??????????? ?????? ??????? ???? ????????? ?????? 
Equation 8 and a conversion factor from mL to mg O2 L
-1 of 1.429 (0°C and 101.325 kPa). To 
correct for bacterial background respiration, all post-blanks were plotted against the duration 
of the respective experiment, separately for each of the four respirometer setups. For each 
setup, an exponential function was fitted to the plotted data to estimate the temporal 
development of background respiration, assuming an exponential bacterial growth after an 
initial lag phase. Every individual MO2 measured during an experiment was corrected 
accordingly. MO2-values were standardised to 18°C, the mean temperature of all experiments, 
using a Q10-value of 2.2 determined for Black Sea horse mackerel (Shulman and Love 1999) to 
adjust for temperature differences between setups: 
MO2 at T1 = MO2 at T2.* Q10 
((T1 – T2)/10) 
We used the quantile method to deduce metabolic rates of standard routine (SRR), routine 
(RMR) and active routine (ARR) metabolism, a procedure robust to different sample sizes and 
the presence and number of outliers (van den Thillart et al. 1994, Daoud et al. 2007, Dupont-
Prinet et al. 2010). RMR was determined as the median of the frequency distribution including 
all 10-min-MO2 of an experiment. The 5%-quantile reflected standard metabolism best and 
was termed SRR, to distinguish it from SMR. The 95%-quantile was defined as the ARR, 
reflecting the maximum spontaneous activity (Rombough 1988, van den Thillart et al. 1994). 
Representative examples of the temporal development of MO2 in the closed and the 
intermittent system with indications of SRR, RMR and ARR are given in Fig. 1. First 
experiments (Kunzmann unpubl. data) confirmed that the SRR is already achieved after ca. 200 
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min and does not significantly change 
within the next 24 h. Experiments in the 
current study were carried out at different 
times of the day. In 14 experiments with 
significantly lower MO2 during dark 
conditions (Wilcoxon tests), SRR was 
calculated solely with the respective 10-
min-MO2. 
The relationships between WM and SRR and 
RMR were analysed by least-squares linear 
regressions of log-transformed data (log 
SRR and log RMR = A + b log WM, with A = 
metabolic coefficient and b = weight 
exponent). The linear fits were compared 
with quadratic fits (log SRR and log RMR = 
A + b log WM + c log WM2, with A, b, c as 
constants) by use of the adjusted Akaike 
information criterion (AICc) and the 
Bayesian Information Criterion (BIC). 
Homogeneity of slopes test was applied to 
compare the slopes of the linear regressions 
of RMR and SRR with body mass. The ratio of ARR SRR-1 was calculated as an estimate of the 
“aerobic scope for spontaneous activity” (SSA) (Rombough 1988, van den Thillart et al. 
1994). 
3.2.3 Calculation of prey requirements 
Metabolic rates of T. capensis were converted into units of carbon (mg C h-1) and prey 
requirements were estimated based on the average carbon content of their preferred prey 
organisms for an evaluation of their influence on energy and matter fluxes in the planktonic 
food web in the northern Benguela. The diet of young T. capensis is mainly based on copepods 
(Geist et al. 2013) that are rich in lipids (Schukat et al. 2013a). Therefore carbon requirements 
(CR) were calculated as: CR (mg C h-1) = (SSR or RMR * 1.429-1) * RQ * (12/22.4), with the 
respiratory quotients (RQ) of lipid (0.71) (Ikeda et al. 2000). The carbon content of different 
copepod groups from the northern Benguela was estimated for individuals of average dry mass 
(DM) determined from freeze-dried, pooled samples. Relative carbon content (% DM) in 
Calanoida species was determined in another study within the GENUS project (Schukat et al. 
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2013b). Carbon values for Cyclopoida, Poecilostomatoida and Harpacticoida were assumed to 
be similar to those of Calanoida, i.e. 44% DM. 
3.3 Hypoxia experiments 
3.3.1 Development of RMR at lowered oxygen saturations in larvae 
In ten experiments with larvae, the normoxic phase was extended to a hypoxic phase. In the 
closed system oxygen saturation declined constantly and experiments were stopped at a level 
of 20% O2sat before larvae showed severe stress behaviour (increase in movements as 
indicator). RMR was calculated as described above for subsequent steps of oxygen saturation 
intervals (69-60%, 59-50%, 49-40%, 39-30%, 29-20% O2sat) and the development of RMR 
under decreasing oxygen saturation was tested via a univariate ANOVA for repeated 
measurements. 
3.3.2 Critical oxygen partial pressures (PC) for RMR and SRR and regulation index (RI) 
for RMR in juveniles 
Seven experiments with juveniles were extended to oxygen levels below 20% O2sat, with MO2 
calculated for subsequent oxygen saturation intervals (> 40% O2sat in 10%-increments, < 40% 
O2sat in 5%- and 2%-increments) instead of the time-based (10 min intervals) calculation. The 
first 200 min of an experiment were excluded to account for elevated MO2 due to initial stress 
responses. In these experiments, RMR and SRR were calculated with all MO2 >30% O2sat. The 
critical oxygen pressures for RMR (PC2) and SRR (PC1) were estimated according to Yeager 
and Ultsch’s (1989) definition as PO2 below which an animal can no longer maintain a given 
rate of O2- consumption. In addition, the regulation index (RI), a new method for assessing the 
relationship between oxygen consumption and environmental oxygen (Mueller and Seymour 
2011), was determined referring to RMR. In all seven experiments the one-phase-decay model 
of MO2 plotted against % O2sat displayed the better fit, judged by Akaike’s corrected 
information criterion (AICc). Consequently, this fit and two lines visualizing the theoretical 
shape of perfect oxyregulation and oxyconformity were constructed. The ratio of the areas 
below the curve fit and below the oxyconformity line was defined as RI, ranging between 0 
(perfect oxyconformity) and 1 (perfect oxyregulation, Mueller and Seymour 2011).  
Analyses of regulation index and PC were calculated with GraphPad Prism 5. All other 
statistical analyses were performed using the software package JMPpro 10.0.0. Notations in 
the form X ± Y refer to mean ± standard deviation, if not explicitly stated. 
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4. Results 
 
4.1 Normoxic conditions 
Respiration rates of larval and 
juvenile T. capensis (0.001-
20.8 g WM, 4.3-21.0 mm 
standard length, SL) were 
measured in 58 experiments 
under normoxic conditions 
(100-70% O2sat). Allometric 
relations of routine metabolic 
(RMR) and standard routine 
(SRR) rates showed an 
increase with body mass (Fig. 
2, Table 1). Linear and 
quadratic regression fits on 
log-transformed data RMR 
and SRR to body mass had 
similar r2-values. For both 
RMR and SRR, the linear 
models were preferentially 
selected based on the BIC and 
the AICc (Table 1). The 
weight exponent b increased 
significantly from RMR to 
SRR (Table 1; F(1,116) = 4.65, p 
= 0.0331). 
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Scope for spontaneous activity 
(ARR SRR-1) was higher in larvae 
(<0.04 g WM, <15 mm SL) than 
??? ?????????? ?????? ??? ?2(1,58) = 
34.21, P<0.001).  
RMR increased by a factor of 5.9 
and SRR by a factor of 7.2 for 
body mass increments of one 
order of magnitude. Within the 
investigated size range of four 
orders of magnitude (0.001-10 g 
WM), RMR and SRR increased 
more than 1000- and 2000-fold, 
respectively (Table 2a). 
Copepods are the main prey of T. capensis larvae and early juveniles (Geist et al. 2013). Based 
on their average carbon contents they split into three size groups (small, medium, large) (Table 
2b). This led to marked differences in the estimated prey items required to satisfy the energy 
demand for RMR and SRR (Table 2a). 
 
Table 1: Ontogenetic development of standard routine (SRR) and routine metabolic (RMR) 
rates of T. capensis larvae and juveniles (0.001-20.8 g wet mass, 43–1320 mm standard length, 
N = 58) at 18°C water temperature.  
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R
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R
 linear 
-0.8719 
±0.0600 
0.7738 
±0.0152 
 58 2 0.98 0.37 54.12 0.76 59.86 
quadratic 
-0.8564 
±0.0903 
0.7675 
±0.0315 
-0.0019 
±0.0084 
58 3 0.98 0.38 56.38 0.24 63.86 
S
R
R
 linear 
-1.2895 
±0.0728 
0.8549 
±0.0185 
 58 2 0.98 0.45 76.91 0.76 82.64 
quadratic 
-1.3086 
±0.1100 
0.8627 
±0.0383 
0.0024 
±0.0102 
58 3 0.98 0.46 79.16 0.24 86.65 
SRR and RMR defined as the 5% and the 50% quantile of the frequency distribution of all 10 min interval MO2 in 
the respective respirometry experiment. For both measures linear (log RMR and log SRR = A + b log WM) and 
quadratic (log RMR and log SRR = A + b log WM + c log WM
2 
) fits of log-transformed data were compared. The 
parameters A, b and c are given as estimate ± standard error. RMSE = root mean square error; AICc = corrected 
Akaike information criterion; BIC = Bayesian information criterion 
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Fig. 3: Ontogenetic development of the “factorial 
aerobic scopes for spontaneous activity” (ARR SRR
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in young Trachurus capensis at 18°C. Different markers 
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Table 2a: Daily routine metabolic (RMR) and standard routine (SRR) rates at five standard 
sizes of T. capensis larvae and juveniles at 18°C in oxygen, carbon and prey equivalents 
(individuals) of different copepod groups. Estimations based on the power function models 
of metabolic rate to body mass relationships. Conversions into carbon requirements were 
done according to Ikeda et al. (2000) assuming a lipid-based metabolism. Estimation of prey 
equivalents were calculated with values given in Table 2b 
 
  0.001 g 0.01 g 0.1 g 1 g 10 g 
RMR mg O2 d
-1
 0.048 0.284 1.690 10.037 59.620 
mg C d
-1
 0.013 0.076 0.450 2.674 15.885 
Small copepods 
(Cyclopoida, 
Harpacticoida, 
Calanoida small) 
0.5-0.9 3-5 18-30 107-178 635-1059 
 Calanoida 
medium 
 1.0 6 36 211 
 Calanoida large    9 56 
SRR mg O2 d
-1
 0.018 0.129 0.923 6.610 47.323 
mg C d
-1
 0.005 0.034 0.246 1.761 12.608 
 Small copepods 
(Cyclopoida, 
Harpacticoida, 
Calanoida small) 
0.2-0.3 1.3-2.4 10-17 69-125 490-892 
 Calanoida 
medium 
 0.5 3 23 168 
 Calanoida large    6 44 
 
Table 2b: Estimated carbon content of average representatives (mg DM) of major copepod 
groups from the northern Benguela system derived from samples taken during the GENUS-
research-project. Calanoida groups incorporate the following species: small: Metridia 
lucens, Nannocalanus minor; medium: Calanoides carinatus, Aetideopsis carinata; large: 
Rhincalanus nasutus, Eucalanus hyalinus, Euchirella rostrata, Pleuromamma ziphias. Data: 
a
Schickenberg (2012) and
 b
Schukat et al. (2013b) 
 
Copepod group 
DM (µg 
ind.
-1
) 
Carbon content 
(mg C ind.
-1
) 
Cyclopoida
a
 
???????sp. 35 0.015 
????????sp. 49 0.022 
Harpacticoida
a
 ???????????? sp. 45 0.020 
Calanoida
b
 
small 63 0.025 
medium 155 0.075 
large 658 0.285 
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4.2 Responses to decreasing oxygen levels 
T. capensis larvae (4.4-28.6 mg WM, N = 10) tolerated low oxygen levels and did not show a 
significant decrease in RMR until 29-20% O2sat (ANOVA R, F(5, 49) = 0.50, P = 0.77). 
Juveniles (6.0-20.8 g WM, N = 7) were robust to very low oxygen saturations exposure, as 
expressed by a PC for RMR = 13.23 ± 1.62% O2sat., a PC for SRR of 11.15 ± 1.66% O2sat., and 
a RI of 0.78 ± 0.09 at 20°C (Fig. 4). Detailed calculation and results are given in Online 
Resource 2.  
Fig. 4: Response of MO2 (grey) to decreasing oxygen concentrations in five selected 
experiments with T. capensis juveniles at 20°C (a-f). In each plot, solid horizontal lines 
identify RMR and SRR, the broken line reflects the linear regression fit of MO2 at low oxygen 
concentrations. The two vertical dotted lines mark PC for SRR and PC for RMR estimated as 
the x-values of the respective intersections. RI for RMR was calculated as the area enclosed 
by the slope of RMR at decreasing oxygen levels (broken-dotted line), the solid diagonal line 
reflecting a perfect oxyconformer 
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5. Discussion 
5.1 Methodology 
A number of methods exist to determine standard metabolic rate in fishes (Nelson and Chabot 
2011) and possible constraints originating from different methods should be considered as 
source of variation in inter-study comparisons. For larvae, the classic extrapolation method to 
zero swimming speed is difficult to apply. Thus, defining SMR as a quantile (5-15%) derived 
from a frequency distribution of measurement intervals is a more promising approach. 
However, experiment durations <24 h and a short recovery time after catch in our experiments 
might have led to an overestimation of SMR. To account for this uncertainty and to minimize 
potential error, we named the standard rate SRR and chose the 5% quantile as threshold. At the 
upper end, we defined the 95% quantile of all measured intervals, including the initial ones 
affected by handling stress, as ARR (van den Thillart et al. 1994). For larvae, this is a good 
approximation to determine the scope for spontaneous activity (Rombough 1988). However, 
the decrease in aerobic scope from larvae to juveniles indicated that maximum metabolic rate 
was not satisfactorily reflected for juveniles.  
5.2 Metabolic rates and energy demand under normoxia 
5.2.1 Metabolic scaling exponent b during ontogeny 
The allometric scaling exponent b of metabolic rate (RMR and SMR) to body mass relations is 
an important parameter for bioenergetics and physical modelling studies in fishes (Buckley et 
al. 2000, Hinrichsen et al. 2002). Winberg (1956) showed the validity of the general ¾-power-
law for the scaling of metabolic rates with body mass (Kleiber 1932) for juvenile and adult 
fish. Thereafter, a change in b during ontogeny (from b ~1 in larvae to b ~0.75 in adults) was 
measured in several fish species and related to changes in e.g. growth efficiencies (Rombough 
1988, Post and Lee 1996, Bochdansky and Leggett 2001, Moran and Wells 2007, Killen et al. 
2007). Recently, an additional effect of a fish’s lifestyle on b was proposed by Killen et al. 
(2010), i.e. pelagic fish species were more constrained by surface area limitations (b-values 
closer to 0.67-0.75) compared to benthic species (b-value close to 1). The exponent b for the 
SRR to body mass relation (0.855 ± 0.019) was higher in T. capensis early life stages than in T. 
trachurus adults (0.725 ± 0.003, Hermann and Enders 2000). Although b-values we obtained 
were not close to 1, this decrease in b from T. capensis larvae to T. trachurus adults is in 
accordance with the ontogenetic change of b reported in other species, considering their close 
taxonomic relationship (T. capensis was long regarded as a subspecies of T. trachurus). In 
contrast, b for the RMR - body mass relation was close to the ¾-power-law in T. capensis 
larvae and juveniles (0.774 ± 0.015, mean ± S.E.) and also in T. trachurus juveniles and adults 
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(0.752 ± 0.003, Herrmann and Enders 2000). This can be explained by the relatively 
continuous development from larval to juvenile stages in T. capensis, in contrast to the 
pronounced changes during metamorphosis occurring e.g. in flatfishes, and thus supporting the 
hypothesis of Killen et al. (2010). 
5.2.2 Energy demand and resulting consequences for feeding ecology 
Metabolic rates of T. capensis juveniles (5 and 10 g WM) were similar to those of T. trachurus 
from the North Sea (Hermann and Enders 2000), when standardised to the same temperature 
(Table 3). This indicates similar energy requirements for the two taxonomically closely related 
species. In comparison to another member of Carangidae, the yellowtail kingfish Seriola 
lalandi (Moran and Wells 2007), T. capensis had lower RMR throughout the investigated size 
range with the differences in values increasing over size (Table 3). Larvae of both species are 
morphologically similar (Olivar and Fortuno 1991). However adults of S. lalandi are regarded 
as more active species compared to members of Trachurus (Wardle et al. 1996, Herrmann and 
Enders 2000, Clark and Seymour 2006). Thus the observed differences in RMR may reflect 
these different life styles already at early life stages. 
Comparison of metabolic rates of key fish species in the NBCE shows species-specific 
differences, which may explain different recruitment success rates. Since there are no previous 
studies on larval stages of fishes from the NBCE, we included studies on the juveniles of the 
bearded goby Sufflogobius bibarbatus from the NBCE (Utne-Palm et al. 2010), the Cape 
anchovy Engraulis encrasicolus from the southern Benguela Current ecosystem (James and 
Probyn 1989), and of the larval dover sole Solea solea from the North-Eastern Atlantic 
(McKenzie et al. 2008) as representative of Pleuronectiformes (Table 3) to compare our results 
on T. capensis. After standardization to 18°C and using the average Q10-value of marine fishes 
(2.4, Clarke and Johnston 1999), T. capensis metabolic rates appeared to be high although 
different methodologies in the measurements were considered. The lower RMR of S. 
bibarbatus juveniles likely reflects their calmer lifestyle as bentho-pelagic species. Interesting 
is the difference between the juveniles of the two truly pelagic species, with a lower RMR in E. 
encrasicolus compared to T. capensis. A similar difference was found in a study in the 
California Current, where Trachurus symmetricus showed higher metabolic rates compared to 
Engraulis mordax, in this case measured in white and red muscles (Gordon 1972a, b). Thus, T. 
capensis appears to have a more active metabolism resulting in a comparatively high energy 
demand already at the larval stage, as can be estimated from the higher RMR values of unfed T. 
capensis larvae compared to fed S. solea (Table 3). In a comparison of larvae from pelagic fish 
species from Japan, Masuda (2011) distinguished two strategies in fish larvae. One group is 
characterised by passive predator avoidance through a transparent and less conspicuous body
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and slow development of swimming potential, such as in Engraulis japonicus. The other 
strategy is characterised by having a more conspicuous robust body and higher agility 
expressed by a faster development of cruise- or burst- swimming capacities, e.g. Scomber 
japonicus and Trachurus japonicus (Masuda 2009, 2011). If this difference is genera-specific 
it can explain the observed high metabolic rates and high numbers of prey requirements of T. 
capensis. A high burst swimming capacity of T. capensis larvae, which probably led to the 
high scope for spontaneous activity in some of the larval experiments, likely ensures a high 
feeding success. Indeed, a parallel study on the feeding ecology of T. capensis larvae and 
juveniles from the NBCE showed a high feeding incidence and a high voracity (Geist et al. 
2013). The prey requirements in units of copepods estimated for T. capensis juveniles appear 
too high to be met in nature. It can be argued that at this size, T. capensis needs to start feeding 
on larger organisms such as euphausiids to satisfy its energy demands. Euphausiids are known 
to be an important diet component in adults (Pillar and Barange 1998). 
5.3 Hypoxia tolerance 
5.3.1 Response of metabolic rates to decreased oxygen levels in larvae 
During the past ten years, increasing abundances of T. capensis larvae have been observed in 
ichthyoplankton catches in the NBCE, whereas numbers of the formerly dominant pelagic 
species were low (Werner Ekau unpub. data). Kreiner et al. (2009) suggested an avoidance of 
oxygen saturation levels of <2.5 mL L-1 by S. sagax and E. encrasicolus larvae. Thus hypoxia 
tolerance of T. capensis may explain the observed differences in larval abundance. And 
indeed, T. capensis larvae tolerated oxygen saturations below 2.5 mL L-1 ?? ???? ?2sat, 
expressed by their constant RMR down to ~30% O2sat. Assuming that clupeiform larvae are 
less hypoxia tolerant, T. capensis is likely advantaged under the present environmental 
conditions of shoaling of hypoxic zones as their recruitment success is potentially less 
affected. A hypothetical mechanism can be deduced from Stenevik et al. (2003), who report 
that fish larvae in the NBCE can actively prolong their retention time in coastal waters with 
high food densities via vertical migration into onshore currents below the Ekman layer. High 
hypoxia tolerance of T. capensis larvae would allow them to use this retention mechanism 
even when hypoxic zones extend to shallow water layers, as frequently observed especially 
during the main spawning period in summer and autumn (Bartholomae and van der Plas 2007, 
Hutchings et al. 2009, Ekau et al. 2010). To understand the underlying mechanisms in more 
detail, information on threshold levels, such as PC and lethal oxygen concentrations, are 
required for larvae. Knowledge of gill and haemoglobin development (Rombough 1988) or 
behavioural responses (Chapman and McKenzie 2009) during the larval phase will provide 
additional information. 
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5.3.2 Response of metabolic rates to hypoxia in juveniles 
Small pelagic fishes are thought to be intolerant to hypoxic conditions as inferred from their 
depth distribution and behavioural responses (Moss and McFarland 1970, Bertrand et al. 2006, 
Taylor et al. 2007, Ludsin et al. 2009, Bertrand et al. 2008, Herbert et al. 2012). However the 
metabolic responses of upwelling species have not been investigated to present. In contrast to 
this generally accepted hypothesis, we showed that the metabolism of T. capensis juveniles 
tolerates extremely low hypoxic conditions. The critical oxygen saturation of T. capensis 
juveniles (PC for SRR = 11% O2sat at 20°C) was even lower than in some demersal fishes, 
which probably experience hypoxia more frequently e.g. S. solea: PC for SMR = 27-32% at 
17°C (Coutourier et al. 2007) and PC for SMR = 20% at 19°C (van den Thillart et al. 1994), and 
Paralichthys dentatus with PC for SMR = 27% at 22°C (Capossela et al. 2012). However, 
recorded PC of T. capensis juveniles is still higher than that of e.g. S. bibarbatus (5.5 ± 0.3 % 
at 12°C), which is probably one of the best hypoxia-adapted fish species in the northern 
Benguela system (Utne-Palm let al. 2010). In addition, the difference between PC for SMR and 
for RMR defines the oxygen concentrations of a restricted aerobic scope, which can lead to 
elevated predation risk and lower growth rates. In T. capensis juveniles this difference was 
only 2% O2sat, further indicating their high hypoxia tolerance. As an ecological consequence, 
T. capensis juveniles should be able to briefly enter hypoxic zones and exploit hiding food 
resources, similar to a behaviour exhibited by Gadus morhua from the Baltic Sea (Neuenfeld 
et al. 2009). Potential prey organisms of T. capensis, such as some larger copepod and krill 
species, are physiologically adapted to enter hypoxic waters and inhabit the OMZ in the NBCE 
(Auel and Verheye 2007, Schukat et al. 2013b, Werner and Buchholz 2013). The RI of T. 
capensis juveniles (0.78 ± 0.09 at 20°C) is similar to Euphausia hanseni (0.74 ± 0.16 at 20°C, 
Werner 2012); a krill species that regularly enters hypoxic zones in the northern Benguela. 
This indicates that the predator species T. capensis has developed similar physiological 
adaptations to hypoxic conditions as its potential prey species. 
5.4. Conclusion 
We demonstrated that early life stages of T. capensis are characterised by high metabolic rates, 
allowing for an agile behaviour and consequently causing a high energy demand. We also 
showed that T. capensis tolerate hypoxic conditions both as larvae and juveniles, which 
probably constitutes an advantage compared to other small pelagic species under the observed 
shoaling of hypoxic zones in the NBCE. 
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Online Resource 1: Overview of the three different intermittent flow setups. Equipment used 
and main parameters of respective normoxia experiments (100-70% O2sat) 
 
setup  small medium large 
respirometer 
volume 
(L) 0.05 0.31 3.0 
oxygen probe PreSens 
Microx FTC 
PreSens 
Fibox DP 
Hamilton Visiferm DO120 
pump 
Ismatec 
Reglo 
Digital MS-
4/6 
Heidolph 
PD5201 C8 
Ismatec Reglo Z 
Tygon tubing Ø (cm) 0.21 0.64 0.95 
fish 
wet mass 
range (g) 
0.008-0.036 0.09-0.21 
MSM: 
0.8-7.4 
ZMT: 
2.8-15.0 
MRA: 
6.0-20.8 
Number of experiments 14 3 
MSM: 
9 
ZMT: 
7 
MRA: 
6 
temperature 
range  
(°C) 16.7-20.8 17.4-18.8 
MSM: 
17.2-17.9 
ZMT: 18.6-
20.1 
MRA: 19.5-
20.4 
duration 
range  
(min) 450-1484 1086-2070 
MSM: 
463-1359 
ZMT: 
996-1473 
MRA: 
299-922 
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Online Resource 2: Model parameters to calculate RI and Pc 
1) decay models: Y=(Y0 - Plateau)*exp(-K*X) + Plateau 
exp. 
Nr. Y0 SE Y0 plateau K SE K df r
2
 S S  
Sy.x = sqrt 
(SS df
-1
) 
ct1 -1.059 1.811 6.155 0.0855 0.0183 45 0.63 23.84 0.73 
ct2 -2.262 1.539 6.300 0.1396 0.0264 109 0.51 151.20 1.18 
ct3 -3.663 2.183 9.995 0.1594 0.0235 122 0.58 161.40 1.15 
ct4 -0.9276 1.109 5.490 0.1554 0.0291 48 0.72 16.07 0.58 
ct5 -1.108 1.744 5.130 0.1917 0.0481 98 0.48 35.59 0.60 
ct6 -1 
 
2.140 0.1432 0.0221 13 0.55 1.08 0.29 
ct7 0 
 
7.960 0.1235 0.0034 154 0.69 47.66 0.56 
 
2) regulation index (RI) = ("area model"-"area conformer") "area conformer"
-1
 
exp. Nr. area model 
area 
conformer 
area 
regulator RI 
ct1 414.5 240.5 481 0.723 
ct2 437.1 245.1 490.2 0.783 
ct3 754.9 390 780 0.936 
ct4 292 161.9 323.9 0.804 
ct5 370.1 202.6 405.2 0.827 
ct6 143.3 82.74 165.5 0.732 
ct7 326.2 199 676.6 0.639 
 
3) calculation of Pc step 1: linear regressions through x-axis-intersection of decay models and MO2s 
at pO2-??????????????????????????? 
exp. Nr. e f N r
2
 
ct1 -0.8970 ± 0.8281 0.4196 ± 0.1013 4 0.896 
ct2 -0.8067 ± 0.4551 0.5282 ± 0.06361 10 0.896 
ct3 -1.1030 ± 0.5312 0.8863 ± 0.07164 9 0.956 
ct4 0.0996 ± 0.2380 0.4263 ± 0.03431 8 0.963 
ct5 0.3853 ± 0.3502 0.4095 ± 0.04870 10 0.898 
ct6 -0.5010 ± 0.2779 0.2218 ± 0.04023 3 0.968 
ct7 -0.03891 ± 0.2702 0.6106 ± 0.02879 21 0.960 
 
4) calculation of critical oxygen partial pressure for RMR (PC2) and SRR (PC1) derived from 
respective MO2 > 30% O2 saturationa as the x-intersection of linear regression model (step3) and 
RMR or SRR:   PC = ("RMR or SRR" - "e") "f"
-1 
 
exp. Nr. WM (g) RMR (mg O2 h
-1
) 
PC2 
(% O2sat.) 
SRR 
(mg O2 h
-1
) 
PC1 
(% O2sat.) 
ct1 14.7 6.16 16.81 5.25 14.65 
ct2 9.4 6.30 13.45 4.96 10.93 
ct3 20.8 10.00 12.52 8.25 10.55 
ct4 8.7 5.49 12.65 4.40 10.09 
ct5 10.1 5.13 11.59 4.21 9.34 
ct6 6.0 2.14 11.91 1.75 10.16 
ct7 6.2 7.96 13.67 7.12 12.3 
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ABSTRACT 
Clupeoid fish are important members of most high-productive marine ecosystems in the world, 
but for the last three decades the northern Benguela Current has been an exception with 
persistently low stocks of these formerly dominating species. To improve our understanding of 
underlying factors influencing their recruitment success, we investigated the spatial 
distribution, feeding ecology, growth rates and nutritional conditions of Sardinops sagax, 
Engraulis encrasicolus and Sardinella aurita larvae in relation to ambient conditions (water 
temperature, plankton density and composition). Compared to S. sagax, E. encrasicolus and 
the tropical species S. aurita occurred at a wider temperature range shifted towards warmer 
temperatures. This may infer an advantage in times of frequent warm water events, caused by 
low upwelling intensities and/or pole-ward warm-water intrusions from the Angola Current. 
All three species were rather similar in their feeding ecology by preferring developmental 
stages of copepods grown in a diatom-based food web. At high larval densities, this might lead 
to food competition that manifests in poor nutritional conditions and lower growth rates likely 
leading to enhanced larval mortality and reduced recruitment success. 
 
KEYWORDS 
Sardinops sagax, sardine, Engraulis encrasicolus, anchovy, Sardinella aurita, round 
sardinella, fish larvae, temperature preference, seasonal spatial distribution, diet, trophic 
marker, gut content, stable isotopes, fatty acids, daily growth, condition 
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INTRODUCTION 
Small pelagic fish are important in terms of biomass in many shelf sea ecosystems, occupying 
a key position in their food webs (Pikitch et al., 2012). Members of the Clupeoidea, typically 
anchovy and sardine species, alternately dominate small pelagic fish communities of eastern 
boundary current upwelling ecosystems in abundance and biomass, which makes them key 
components in the food web and attractive for fisheries (Cury et al., 2000). These species 
naturally show large fluctuations in stock size (Schwartzlose et al., 1999) and long-term trends 
are associated with changes in the environmental properties of the ecosystems (Houde, 1987). 
Temperature (Takasuka et al., 2008) and oxygen concentration (Bertrand et al., 2011) are 
regarded as the key abiotic triggers of these regime shifts with potential direct impacts on fish 
via changes in growth and survival. Environmental changes may also alter the food web 
structure and functioning as well as the availability of prey promoting either sardine or 
anchovy species, which differ in their feeding ecology (van der Lingen et al., 2006). The 
interaction of temperature and food availability as important factors for spawning success of 
clupeoids has been shown in modelling studies for e.g. the southern Benguela (Richardson et 
al., 1998; Mullon et al., 2003). Environmental factors appeared to have a higher influence on 
regime shifts than fishing impact (Shannon et al., 2004). 
The Benguela Current in the South-East Atlantic is one of four major eastern boundary 
upwelling systems and is divided into separated northern and southern subsystems (Duncombe 
Rae, 2005). The northern subsystem, ~16°S to ~27°S off Namibia, displays seasonality in 
upwelling activity, with lower intensity during austral summer (Bartholomae and van der Plas, 
2007). It used to be dominated by sardines in the middle of the last century until sardine and 
subsequently anchovy stocks decreased around the 1970s, due to the combined effect of 
unsustainable fishery practices and detrimental environmental changes (Cury and Shannon, 
2004; Bakun and Weeks, 2006). Since then clupeoid stocks have remained persistently low 
(Heymans et al., 2004, Kreiner et al., 2011), although this species group possesses a high 
recovery potential compared to others (Hutchings, 2000). Today, the northern Benguela is 
perceived as a warning example for possible future developments of upwelling ecosystems 
with the causes for its long-lasting degradation largely remaining unanswered (Bakun et al., 
2010). 
The recovery potential of a fish population depends on a variety of factors (Hutchings and 
Reynolds, 2004) with recruitment processes forming a bottleneck, because early life history 
stages are particularly vulnerable to environmental fluctuations (reviewed by Bakun, 2010). 
For instance, increased temperatures and lowered oxygen concentrations presumably constrain 
the spawning habitat of small pelagic fish and impact on the development and survival of their 
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early life history stages in the northern Benguela ecosystem (NBCE) (Ekau and Verheye, 
2005; Kreiner et al., 2011). Temperature preference of the NBCE sardine population evaluated 
by recruitment strength appears to have changed in the period from 1961 to 1999, being 
negatively linked to sea surface temperature (SST) and positively linked to wind stress from 
the mid-1980s onwards (Daskalov et al., 2003). 
Furthermore, differences in the feeding ecology of adult sardine and anchovy are regarded as 
important triggers for regime shifts (van der Lingen et al., 2006). In larval stages, feeding 
success is crucial for individual survival and growth and for recruitment success; it is 
influenced by the availability and composition of potential prey organisms (Lasker, 1978; 
Cushing, 1996). Comparative studies from the California (Arthur, 1976) and the Humboldt 
Current systems (Muck et al., 1989) have shown that food preferences of larvae of the two 
species diverge from a size of about 9 mm with anchovies feeding on larger items than 
sardines. Given that interspecific differences in the feeding ecology exist already at the larval 
stage, a dominance of larger copepods under cooler, active upwelling conditions and a 
predominance of smaller prey items under warmer, quiescent conditions could link the effects 
of temperature and trophic ecology to differential recruitment success of clupeoid species 
(Cole 1999). However, to date no detailed study on the feeding ecology of clupeoid larvae has 
been done in the Benguela Current (van der Lingen et al., 2009) and the influence of 
temperature remains controversial (Shannon et al., 1988; Cole, 1999; Tjizoo, 2008; Kreiner et 
al., 2011). 
One of the aims of GENUS (Geochemistry and Biology of the Namibian Upwelling System), a 
Germany-funded interdisciplinary research project focusing on the northern Benguela, is to 
understand and quantify current energy and matter fluxes in the NBCE. Forming an integral 
part of GENUS, this study investigates the larval ecology of sardine, Sardinops sagax (Jenyns, 
1842), anchovy, Engraulis encrasicolus (L., 1758), and round sardinella, Sardinella aurita 
Valenciennes, 1847, to understand how environmental conditions influence recruitment 
success of formerly dominating fish species in the severely degraded upwelling system of the 
NBCE. Based on the outlined theories and with a focus on potential interspecific differences, 
we investigate (1) their feeding ecology by combining three methodological approaches (gut 
content, stable isotopes, fatty acid trophic markers) operating at different times scales and (2) 
their spatial distribution in regard to in-situ temperatures during different seasons and discuss 
their combined effect on larval condition and growth. 
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MATERIAL AND METHODS 
Fish larvae and data on prevailing environmental conditions were collected in the NBCE off 
Namibia (~16°S to ~27°S) during four research cruises at different times of the year. Sampling 
was conducted during February/March 2009 and 2011 (FS Maria S. Merian, cruises MSM 7-
2/3 and 17-3), December 2009 (FRS Africana, cruise Afr258) and in September/October 2010 
(RRV Discovery, cruise D356). Quantitative ichthyoplankton collections in the upper 200 m 
were made at 94 stations using a MultiNet type Midi (Hydrobios) (mouth area: 0.25 m2, mesh 
size: 500 µm) equipped with five nets and hauled obliquely from 200 m to the surface (Fig. 1 
and SuppInfo 1).  
The nets were sampling in depth strata according to water column structure in terms of 
temperature and dissolved oxygen identified from CTD-casts (Mohrholz 2012a, b, c and 
unpublished data). Two of the nets were equipped with net-inlays (mouth diameter: 10 cm, 
mesh size: 55 µm) for the sampling of microzooplankton in the two uppermost depth strata. 
Additional hauls with a trawled or drifting Ring net (mouth area: 2m2, mesh size: 1000 µm), a 
Tucker Trawl (mouth area: 1m2, mesh size: 1000µm) and a MOCNESS (mouth area: 1- and 2-
m2) were made to increase the number of fish larvae available for stomach content, growth and 
biochemical analyses, which were sorted and kept deep-frozen at -80°C immediately after 
catching, until further analyses in the laboratory. The remaining catch was preserved in a 4% 
formalin-seawater-solution for community composition analyses. Phyto- and zooplankton 
samples were conserved for biochemical and community composition analyses in the same 
way as fish larvae. 
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Fig. 1: Station grid of ichthyoplankton hauls during four research cruises arranged by 
season from austral spring to late summer. Black dots indicate quantitative sampling with a 
MultiNet and crosses indicate stations of exclusively qualitative hauls. Stations referred to 
in the manuscript are indicated. Bathymetry as greyscale 
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Fish larvae were identified using Olivar and Fortuno (1991). Length was measured as standard 
length (SL; notochord length in early larvae). Body mass was determined as dry mass (mg 
DM) of the larva with empty intestinal tract, using a high-precision balance after freeze-drying. 
Larval densities were calculated from the MultiNet catches for each single net (ind. 100 m-³) 
and standardised per unit area (ind. 10 m-2) for each station. Based on the observed depth 
distribution of the larvae, water temperature at 20 m was chosen to optimally compare the 
thermal regime of stations. 
To study the trophic ecology, we used an integrated approach combining gut content-, stable 
isotope- (SI) and fatty acid- (FA) analyses. Gut content analysis (intestinal tract) provides 
information about the ingested food items at the time of catch and allows for a high taxonomic 
resolution, but can be biased towards hard structured items that are more easily identifiable. 
We endeavoured to minimize the potential error introduced by regurgitation during catching 
by keeping net deployments of the Ring net short (<5 min) and towing at a ship speed of <1 
knots (1 knot = ~ 0.5 m s-1). In the home laboratory, frozen larvae were thawed, their feeding 
incidence was recorded, the digestive tracts were carefully removed and every food item was 
identified to the lowest possible taxonomic level under a dissecting microscope. Prey items 
were measured to the nearest 0.1 µm from digital images using a Zeiss AxioCam Icc1 and 
Axiovision software. The bio-volume of each item was estimated according to its respective 
shape: the volume of a cylinder was used for copepods and calyptopes larvae (prosome length 
and width) and for centric diatoms (height and diameter) and the volume of a sphere for eggs. 
The generalised importance index (%GII; Assis, 1996) was calculated using the relative values 
of abundance and bio-volume and the frequency of occurrence for each taxonomic group to 
compare the dietary composition between larval species and size classes. Prey selectivity was 
estimated using the selectivity index (C) of Pearre (1982) when ??????? ?????????? ?? ?? ?????
items and data on in-situ microzooplankton composition from MultiNet-inlay catches were 
available. A positive or negative sign of the index indicates positive or negative selection. 
SI-compositions, ?15N and ?13C, of larval muscle tissue and potential food organisms 
(phytoplankton and Copepoda) were analysed in 209 samples to obtain an intermediate to 
long-term record of metabolised food (Van der Zanden and Rasmussen 2001). Phytoplankton 
was sampled with a 55 µm net when blooms were encountered and the different functional 
groups were separated from the rest of the seston based on their buoyancy (centric diatoms, 
Coscinodiscus wallesii, were sinking to the bottom and the dinoflagellate, Noctiluca sp., 
floated at the surface). SI data for Copepoda were obtained from Schickenberg (2011) for 
Harpacticoida (Microsetella sp.) and Cyclopoida (Oithona sp. and Oncaea sp.) and from 
Schukat et al. (2013) for Calanoida, and only those species were selected that were either 
recorded in the gut content analyses or when they were of a suitable size to be putative prey. 
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Additional phyto- and zooplankton samples were collected in August (cruise MSM 18) and 
October (cruise MSM 19) 2011 at stations with strong upwelling activity.  
All samples were rinsed with distilled water, freeze-dried and ground to a homogenous powder 
prior to transfer into tin capsules for elemental micro-analysis. If the individual body mass was 
too small to be measured, specimens of a similar size and from the same location were pooled. 
SI-compositions were analysed in a gas isotope ratio mass spectrometer (Thermo Finnigan, 
Delta Plus) after high-temperature combustion in an elemental analyser (Thermo Finnigan, 
Flash EA 1112) at ZMT Bremen with atmospheric air (?15N) and PDB carbonate (?13C) as 
reference standards. For the estimation of trophic levels (TL), we estimated the ?15N-baseline 
separately for each cruise using direct measurements of phytoplankton (trophic level=1) when 
available. For cruises MSM 7 and 17 a trophic level of 2 was assigned to the copepod species 
with the lowest ?15N-signature and used as baseline (for details see: Schukat et al., 2013). We 
used an enrichment factor of 3.4‰ per trophic level (Peterson and Fry 1987). Trophic level of 
the consumer was calculated as: 
Trophic level = ? + (?15Nconsumer - ?15Nbase) ?n-1     (1) 
where ? is the trophic level of the organism used to estimate ?15Nbase and ?n is the enrichment 
in ?15N per trophic level. 
As a third method for investigating trophic ecology, we used fatty acid trophic markers 
(FATM) as a medium- to long-term record of metabolised food (Dalsgaard et al., 2003) to 
reveal the relative importance of diatom- and autotroph-dinoflagellate-based prey in the larval 
??????????????????????????????????????? ?????????????????????????????????????????????????
???????? ???? ???????? ??????? ???? ???????? ??? ???????? ???? ???????????? ?????????? ???????????
carnivory (Dalsgaard et al., 2003). 
In addition to the FATM analysis, we used the following lipid-based condition measures: (1) 
contribution of total fatty acids (TFA) to tissue dry weight (St. John and Lund, 1996), and (2) 
the contributions of docosahexaenoic acid (DHA????????????? ?????????????? ?????????????????
acid (EPA?? ???????? ????? ??? ?????? ???? ????????? ??????????? ???? ????? ?????????? ???? ????
development of fish larvae and thus affecting recruitment success (Masuda, 2003). FA-content 
and composition were analysed in (i) 34 complete fish larvae with empty stomachs and (ii) in 
67 samples of muscle tissue. Sample processing followed Peters et al. (2006). The internal 
standard, tricosanic acid (23:0), was added at the beginning of the extraction process to 
determine absolute amounts of FA (Grote et al., 2011). Gas chromatography measurements 
were conducted in the BreMarE laboratories, University of Bremen with settings described in 
Schukat et al. (2013).  
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The morphometric condition factor (Heincke, 1908) adjusted for species-specific length-body 
mass relations were calculated as: 
k = GDM SL-b 10-5          (2) 
where GDM is gutted dry mass (mg), SL is standard length (mm) and b is derived from 
species-specific potential length-weight regressions. 
We used daily increments in otoliths of sardine and anchovy larvae to assess growth potential 
of the different species. Daily increments have been validated in sardine and anchovy in the 
Benguela Current by Thomas (1986) and we presumed the same for round sardinella. Daily 
growth rates (DGR) during the first month of life were estimated using back-calculations from 
growth increment readings of sagittal otoliths. Following the procedure described by Grote et 
al. (2012) the model of Folkvord and Mosegaard (2002) was applied: 
SLi = (ORi ORc
-1)w SLc         (3) 
where SLi is standard length (mm) at increment i, ORi is the otolith radius (mm) at increment i, 
ORc is the otolith radius (mm) at capture, w is the exponent of the potential regression of SLc 
and ORc (SuppInfo 2) and SLc is the standard length (mm) at catch. For each analysed larva, 
the mean DGR (mDGR) at two size classes (5-7 mm and 8-12mm SLi) were calculated with the 
respective individual DGR. 
Superimposed surface plots of larval abundance at sampling stations and water temperatures 
(30‰-DIVA-gridding) were constructed using Ocean Data View 4.5.0 software. All statistical 
tests were performed using JMPpro 10.0.0 software. Categorical groups were tested either by 
Student’s t-tests and Welch-ANOVAs or their non-parametric analogues of Wilcoxon tests 
(Mann-Whitney and Kruskal-Wallis), depending if preconditions were met. TFA-proportions 
were arcsin-square-root-transformed for all analyses, which require normal distribution. 
Statistical results are given in the form: ”Value of test statistic(degrees of freedom, sample size) = X.XX”. 
Graphs were post- processed using Adobe Illustrator CS 5.1 software.  
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RESULTS 
Spatial distribution of water temperature 
Overall, water temperatures were coldest during September 2010 and warmest during February 
2011 (Fig. 2). Surface temperatures (SST) at sampling stations did not exceed 18°C during 
09/2010. SST >19°C at stations over the shelf (< 500m depth) extended further southward 
during 02/2011 (19.1°C at 23.5°S) and 03/2008 (21.4°C at 22°S), than during 12/2009 (19.4°C 
at 19°S). The 14°C isotherms at stations with bottom depths of 65–250 m at 23°S were 
shallower during 09/2010 (at 0% and 25% of total depth) and 12/2009 (n = 3, 25%, 14-31% of 
total depth as median and range) compared to 03/2008 (n = 4, 33%, 29-56% respectively) and 
02/2011 (n = 7, 45%, 30-100% respectively). Temperatures usually increased with distance off 
the coast (Fig. 2). 
Temperature preferences, spatio-temporal distributions and seasonal comparisons of 
condition indices and growth rates 
In total, 1675 Sardinops sagax, 633 Engraulis encrasicolus and 304 Sardinella aurita larvae 
were caught in quantitative MultiNet hauls at 94 stations during the four research cruises. 
Together with qualitative hauls, 109 stations were sampled, and sardines were present at 29, 
anchovies at 51 and round sardinella at 25 of these stations. At 20 stations sardine and anchovy 
and at 12 stations all three species co-occurred (SuppInfo 1). 
Larval abundance was low with the exception of 02/2011 (Fig. 2). Correspondingly, larval 
densities in single nets were usually <250 ind. 100 m-3, sardines exceeded this value at the 
stations (Stat.) 224, 228, 254 and 266 and anchovy at Stat.225 during 02/2011 (Fig. 1 & 3). 
The majority of larvae were caught within the upper 50 m of the water column (Fig. 3). In 
contrast to round sardinella, larvae of sardine and anchovy also occurred below 100 m (median 
of the depth range of the respective net, Fig. 3). 
Larvae were mainly caught over the shelf (77% of positive stations, bottom depths of 32-250 
m). The maximum distance from shore of a positive catch was 165 km (Stat.33, 09/2010) and 
the maximum bottom depth 3240 m (Stat.30259, 12/2009). Sardine larvae concentrated around 
the Walvis Bay region (22.7-24.0°S). In contrast, larvae of anchovy and round sardinella 
occurred along most of the Namibian shelf from Kunene (17°S) to near Lüderitz (26°S) and 
Walvis Bay (23°S), respectively (Fig. 2). 
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Sardine larvae mainly occurred at water temperatures between 15 and 20 °C (Fig. 3 with 
temperatures at median depth of the respective net, Fig. 2 with T20m). In contrast, larvae of 
anchovy and round sardinella were commonly present at water temperatures >20°C (Fig. 2 and 
3).  
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Fig. 2: Spatio-temporal distribution of S. sagax (row 1), E. encrasicolus (row 2) and S. aurita 
(row 3) larvae and water temperature in sequence of season from different years. The size of 
the black rings is proportional to larval density (Ind. 10m
-2
). Crosses indicate the presence of 
larvae in qualitative catches when no parallel positive catch was made in quantitative hauls. 
Colours indicate temperature distribution at 20 m depth taken from CTD-casts (Mohrholz 
2012 a, b, c, unpublished data) extrapolated with 30‰-DIVA-gridding (ODV version 4.5) 
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The relationships between standard 
length and dry body mass were different 
between the clupeid species S. sagax and 
S. aurita, which showed a higher biomass 
increase per length unit, compared to the 
engraulid species E. encrasicolus (Fig. 
4). Hence, condition factor k was 
calculated with a species-specific 
exponent b. k of sardine and anchovy 
differed between seasons. In anchovy 
larvae they were lower during 09/2010 
compared to 02/2011 and 03/2008 (?2(3, 
238) = 10.96, p = 0.0119) and in sardine 
larvae they were lower in 09/2010 than in 
03/2008 (?2 (2, 148) = 33.60, P < 0.0001; 
Fig. 5). During the same season, k was 
higher in 03/2008 than in 02/2011 in 
sardine (?2(2, 148) = 33.60, P < 0.0001) and 
round sardinella larvae (?2(1, 25) = 8.53, P 
= 0.0035; Fig. 5). 
  
Fig. 3: Densities of sardine, anchovy and round sardinella larvae (left to right) for each 
quantitative net (z-axis) in relation to the median of the depth range (y-axis) covered by the 
net in which they were caught and the temperature at respective depth (x-axis) (black 
triangles). Grey crosses indicate median depths and corresponding temperature of nets with 
zero catch. Ranges of z-axes are different for the three species, gridline scale the same. 
Temperature taken from CTD casts (Mohrholz, 2012 a, b, c, unpublished data) 
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as significant regression equations of length-
weight relationships of Engraulis encrasicolus 
(E.e.), Sardinops sagax (S.s.) and Sardinella 
aurita (S.a.) larvae caught during four research 
cruises in the northern Benguela Current 
between 2008 and 2011. Species-specific 
weight exponents b, sample size (n) and 
goodness of fit (R
2
) are given only for 
significant linear regressions 
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In terms of the biochemical condition measure TFA-content in muscle tissue, anchovy larvae 
did not show seasonal differences (Fig. 5). Sardine larvae had a higher TFA-content during 
09/2010 than during 02/2011 (2-way GLM on arcsin-square-root-transformed data with 
“cruise” as categorical and “standard 
length” as continuous independent 
factors, F(2, 17) = 8.80, P = 0.0044 with 
“standard length”: t = 1.78, P = 0.1 and 
“cruise”: t = 3.81, P = 0.0025). 
mDGR of anchovy larvae differed 
between seasons in the size class of 8-
12 mm SLi (?2(3, 49) = 22.10, P < 0.0001; 
Fig. 6), they grew faster during 
02/2008 than during 09/2010 and 
02/2011. In the smaller size class, 4-
7mm SLi, no significant differences 
were observed (Fig. 6). 
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Trophic ecology 
The trophic ecology was investigated combining three methodological approaches, gut 
content-, SI- and FATM-analyses. 
Gut contents were analysed in 927 larvae to investigate prey numbers, species and size 
composition of ingested prey items. Feeding incidence was 6.4% for sardines (n = 376), 2.0% 
for anchovies (n = 502) and zero for round sardinella (n = 49). In sardines, filled guts occurred 
more frequently during daytime and dusk (08:00 to 19:59 UTC) than during night-time (20:00-
4:59 UTC) (Table 1, likelihood ratio: ?2(2, 376) = 47.68, P < 0.0001). In anchovies, less empty 
guts were encountered during dawn and daytime (05:00-16:59 UTC) (Table 1, likelihood ratio: 
?2(3, 665) = 13.36, P < 0.0039). 
Prey characteristics changed with body size from 8 to 30 mm SL in both sardine and anchovy 
larvae (Fig. 7). Trophic niche breadth was not related to larval body size over the investigated 
range. Maximum and mean prey width, individual prey volume and the total prey volume per 
gut increased with body size whereas voracity decreased. In sardine larvae, a shift in prey size 
was observed around 15 mm SL. In contrast, a certain threshold size could not be determined 
for anchovies, due to the lack of intermediate sized larvae (Fig. 7).  
Consequently, two size groups were defined for each of the two species for the gut content 
composition analyses (Fig. 8). 22 of the respective sardine larvae were caught around Walvis 
Bay (~ 23°S) in 02/2011 and one larva each was caught at 19°S and 17.5°S in 09/2010. The 
respective anchovy larvae were mainly caught at 20°S (n = 5 in 03/2008 and n = 2 in 02/2011), 
one larvae each was caught at 23°S in 02/2011 and at 17.25°S in 12/2009. In both species, 
Crustacea (Copepoda) dominated the gut content with a change of important groups with body 
size (Fig. 8). In the smaller size groups (<15mm) Harpacticoida (notably Microsetella sp., n = 
41, prosome length and width in mm as mean ± SD: 0.27 ± 0.06 and 0.65 ± 0.28, respectively) 
and copepod nauplii (n = 67, 0.15 ± 0.03 and 0.09 ± 0.02, respectively) were the dominant 
Table 1: Diel changes of feeding incidence in sardine and anchovy larvae. The first number 
shows the relative amount in % and the second (in parentheses) gives the actual number, 
time in UTC 
  
Dawn 
05:00-7:59 
Day 
8:00-16:59 
Dusk 
17:00-19:59 
Night 
20:00-4:59 
S. sagax 
empty - 21 (12) 47 (7) 2 (5) 
full - 79 (46) 53 (8) 98 (298) 
E. encrasicolus 
empty 50 (1) 7 (3) 0 (0) 2 (6) 
full 50 (1) 93 (41) 100 (123) 98 (492) 
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prey groups. Calanoida (n = 6, 1.96 ± 0.99 and 0.68 ± 0.28, respectively) dominated in guts of 
larger anchovies. In larger sardines, Calanoida (n = 11, 1.49 ± 0.86 and 0.63 ± 0.29, 
respectively) and euphausiid larvae (calyptopes, n = 11, 0.76 ± 0.08 and 0.51 ± 0.03, 
respectively) were the two most important prey groups (Fig. 8). Dinoflagellates, 
Fig. 7: Development of prey characteristics of sardine and anchovy larvae at body size 
ranging from 8-30 mm SL. Data are shown as means and range, except in the graphs of row 
2. Italic numbers on top refer to numbers of guts analysed. In row 1, numbers above the 
whiskers relate to respective prey item counts 
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(Peridinium.sp., n = 10, 0.11 ± 0.03 and 0.09 ± 0.03, max. length and width respectively), were 
found in one anchovy (9 mm SL) and two sardine larvae (15 and 18 mm SL). Three anchovy 
larvae (19, 27 and 38 mm SL) contained centric diatoms (Coscinodiscus sp., Ø = 0.34 mm). 
Pearre’s selectivity index (C) was calculated for three sardine and two anchovy larvae caught 
in 02/2011 (Table 2). 4 of the 5 larvae selected positively for copepod nauplii and negatively 
for Harpacticoida. Copepod eggs were selected positively by the anchovy and negatively by 
the sardine larvae. 
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Fig. 8: Taxonomic composition of gut contents of sardine and anchovy larvae in two size 
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Table 2: Prey selection of individual S. sagax (S. s.) and E. encrasicolus (E.e.) anchovy 
larvae caught during 02/2011 expressed as Pearre’s selectivity index (C) ranked by body 
size. The sign indicates positive or negative selection. Empty cells reflect absence of the 
respective prey group in both the ambient plankton and the gut samples 
    Selectivity (C) for: 
Species SL 
(mm) 
Station Prey 
items 
Harpac- 
ticoida 
Copepod 
nauplii 
Copepod 
eggs 
S. s. 11 266 8 0.216 0.102 -0.056 
 13 254 24 -0.396 0.458  
 15 266 18 -0.014 0.335 -0.523 
E. e. 9 276 8 -0.432 0.410 0.378 
 9 276 5 -0.816 -0.146 0.827 
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The SI-composition (?13C and ?15N) of larval muscle tissue was analysed to obtain information 
on metabolised food integrated over a longer time span in 148 fish larvae and 45 samples of 
potential prey items (Fig. 9). An overall increase in the ?15N-signatures from phytoplankton via 
copepods to fish larvae was observed (Fig. 9; SuppInfo 3: F(7, 193) = 249.09, P > 0.0001). Over 
the investigated size ranges, the size of the larvae (mm SL) had no effect on their ?15N-
signatures in any of the three species, when analysed separately per sampling station. In 
sardine and round sardinella larvae, ?15N-values were higher during 02/2011 compared to 
03/2008 (?2(1, 32 ) = 23.15, P = 0.0023 and ?2(1, 11) = 7.0015, P = 0.0082, respectively). 
Anchovy larvae from 02/2011 showed higher values than those from the other three cruises 
(?2(3, 102) = 56.60, P < 0.0001). In 03/2008, ?15N-signatures of sardine and anchovy larvae were 
linearly correlated with T20m (n = 8; R
2 = 0.85; a = 2.81 ± 1.19, P = 0.0565; b = 0.34 ± 0.06, P = 
0.0011; and n = 65; R2 = 0.81, a = -1.40 ± 0.64, P = 0.0319; b = 0.61 ± 0.04, P < 0.0001, 
respectively). “Phytoplankton” from 12/2009 showed a similar trend (n = 3; R2 = 0.77; b = 
0.63). In 02/2011, fish larvae signatures were not correlated with T20m. Sardine larvae from 
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Fig. 9: ?15N-signatures of larvae of S. sagax, E. encrasicolus, S. aurita and potential prey 
items with mid-line, box and whiskers showing median, 1
st
 and 3
rd
 quartiles, and range. 
Potential prey groups and clupeoid species are separated by dotted, vertical lines and 
ordered in sequence of season. Size distribution of fish larvae as min.-max., median (mm 
SL). “Phytoplankton” are mixed plankton samples dominated by diatoms (Coscinodiscus 
wallesii), “Dinoflagellata heterotroph” are samples dominated by Noctiluca sp., 
“Cyclopoida” are Oncaea sp. and Oithona sp., and “Harpacticoida” is Microsetella sp. The 
data of calanoid copepods were taken from Schukat et al. (2012) 
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Stat.295 (T20m = 23.7°C) had lower values than those from Stat.266 (T20m = 18.4°C) and 
Stat.305 (T20m = 20.7°C; ?2(3, 22) = 12.36, P = 0.063). Anchovy larvae had higher values at 
Stat.266 (T20m = 18.4°C) than at Stat.275 (T20m = 20.9°C; ?2(3, 16) = 9.97, P = 0.0188). Gross 
estimates for trophic levels of the larvae from the three species resolved to cruise level ranged 
between 2.4 to 3.5 (SuppInfo 3). 
The contributions of FATM (% TFA of muscle tissue) indicating diatom- and dinoflagellate-
based food webs and direct predation on heterotroph-organisms did not differ between cruises 
in sardine (n = 18) and anchovy (n = 41) larvae. The contributions of diatom (6.35 ± 1.63% in 
sardine and 6.38 ± 1.41% in anchovy) and dinoflagellate (1.37 ± 0.46% and 1.53 ± 0.51%, 
respectively) markers were similar in both species. In contrast, heterotrophy markers were 
higher in larvae of anchovy (6.28 ± 1.38%) than sardine (5.70 ± 2.61%; ?2(1, 59) = 6.85, P = 
0.0089). 
Interspecific comparisons under the same environmental conditions and intraspecific 
comparison between a southern and northern station in 02/2011 
Two stations sampled during 02/2011 were selected (i) to examine interspecific differences in 
feeding ecology, condition measures and DGR of sardine, anchovy and round sardinella larvae 
under the same environmental conditions and (ii) to assess whether these parameters varied 
intra-specifically under different environmental conditions (Table 3). The two stations were 
located at the latitudinal limits of the spawning region, Stat.266 was situated north-west of 
Table 3: Ambient conditions at stations Stat.266 and Stat.305 during cruise 02/2011 selected 
for (1) interspecific comparisons of condition, trophic ecology and growth parameters in 
sardine, anchovy and sardinella larvae and (2) intraspecific comparisons between the two 
latitudinally separated stations 
Station 
°S  
bottom 
depth 
depths (m) 
temperature (°C), 
salinity, 
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266 
22.7 
251 
20.6, 
35.22, 
5.6 
18.5, 
35.23, 
5.3 
15.3 
35.31 
4.3 
13.6 
35.30 
0.9 
2
6
5
7
 
2
5
9
4
 
5
6
 
0
.3
9
 
3
0
.8
 
3
0
6
8
 
2
2
1
4
 
2
0
5
 
1
6
9
 
305 
17.3 
150 
20.7, 
35.92, 
4.7 
20.7, 
35.92, 
4.7 
16.6 
35.78 
2.2 
15.1 
35.55 
1.00 
2
8
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1
8
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3
 
0
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5
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9
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Phytoplankton biomass (mg m
-3
) in upper 30 m sampled from Niskin bottles, only autotroph dinoflagellates 
included (courtesy of Wasmund and Hansen, IOW-Warnemünde). Microzooplankton taken from 55 µm mesh 
net-inlays of the surface net from MultiNet hauls reflecting upper ~ 30 m (g wet mass per 100 m towing 
distance). Zooplankton biomass (g wet mass 10 m
-2
) and fish larvae densities (Ind. 10 m
-2
) taken from MultiNet 
hauls (500 µm-mesh), present = occurring only in qualitative catches 
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Walvis Bay and Stat.305 was located off the Kunene River mouth (Fig. 1). SST was similar at 
both stations, but thermal stratification in the upper 100 m was more pronounced and 
concentrations of dissolved oxygen at 50 m depth were lower at Stat.305 (Table 3). 
Phytoplankton and zooplankton biomass was higher at Stat.266, as was also ichthyoplankton 
abundance with a high proportion of clupeoid larvae. In contrast, fish eggs were more 
abundant at Stat.305. The two stations also differed in their microzooplankton composition: 
copepod eggs (42.9%), Harpacticoida (29.0%), Cyclopoida (18.4%) and copepod nauplii 
(6.5%) were the most important groups at Stat.266, whereas Calanoida (37.8%), copepod 
nauplii (20.0%), Cyclopoida (14.7%), Harpacticoida (12.9%), and Appendicularia (11.0%) 
were important at Stat.305 in terms of abundance.  
Larvae of sardine, anchovy and round sardinella were similar in their SI- and their FA-
compositions (Table 4). Poly-unsaturated FAs (PUFA?????????TFA) were more important than 
saturated (SFA ??????TFA) and mono-unsaturated FAs (MUFA ??????TFA, Table 4). Three 
single FAs dominated and made up for > 60% of TFA: docosahexaenoic acid (DHA???????????
its precursor eicosapentaenoic acid (EPA????????????????????????????????????FATMs of diatoms 
and heterotroph organisms (Copepoda) fell in a similar range but were higher than those of a 
dinoflagellate-based diet. With regard to interspecific differences, sardine larvae contained 
higher amounts of DHA and a higher proportion of stearic acid (18:0) than anchovy at 
Stat.266. mDGR of 4-7 mm SLi-larvae were lower in sardine than in round sardinella at 
Stat.266 (Table 4). Anchovy larvae showed higher proportions of MUFAs and EPA at Stat.266 
???? ?? ??????? ??????????? ??? ???????????? ????? ????????? ??? ????? ????????? ???????d to sardine 
larvae. No interspecific differences were found for FATM and ?15N-signatures. 
Intraspecific comparisons of condition measures and trophic markers between Stat.266 and 
Stat. 305 revealed significant differences in sardine and anchovy larvae (Table 4, SuppInfo 4). 
Sardine larvae had a higher total amount of EPA at Stat.305. In anchovy larvae, the amounts of 
TFA, EPA and DHA and the FATM of diatom-based diet as well as the ?13C-signatures were all 
significantly higher at Stat.305. In contrast, the FATM for heterotroph plankton (copepods) 
were higher at Stat.266. Average mDGR of sardine and anchovy larvae were higher at 
Stat.305, however not significantly due to high individual variation (Table 4). 
Table 4 (right): Inter- and intra-specific comparisons of condition measures, trophic markers 
and daily growth rates of sardine, anchovy and round sardinella larvae from two selected 
sampling stations in the northern Benguela that differed in their environmental parameters 
(see Table 3) sampled during 02/2011. For each type of analysis, sample size (n) and body 
size (mm standard length, SL) and mass (mg dry mass, DM) are given as mean, minimum-
maximum at the top of every section. All values are mean ± standard deviation. Bold typing 
indicates significant differences and superscript letters indicate different groups (statistical 
analysis results are given in SuppInfo 4). Intraspecific differences in sardines are indicated 
by a & b and in anchovies by c & d. Interspecific differences at Stat.266 are indicated by e & f 
and at Stat.305 by k & m 
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  Sardinops sagax Engraulis encrasicolus Sardinella aurita 
Station 266 305 266 305 266 305 
L
ip
id
 a
n
a
ly
s
is
 
Sample size  6 4 5 5 4 3 
Size (mm SL) 12.5, 9.3-
15.3 
11.3, 9.9-
15.1 
13.2, 7.6-
16.3 
11.3, 9.6-
13.7 
14.8, 13.7-
16.1 
13.6, 13.6-
13.7 
Mass (mg DM) 0.63, 0.14-
1.30 
0.36, 0.15-
0.80 
1.16, 0.17-
2.2 
0.72, 0.30-
1.58 
0.94, 0.70-
1.14 
0.69, 0.56-
0.76 
C
o
n
d
it
io
n
 
TFA        
(% DM) 
4.18 ± 0.40 5.01 ± 0.67 3.44 ± 
0.68
c
 
4.54 ± 
0.42
d
 
3.86 ± 0.30 4.26 ± 0.21 
EPA (µg 
mg DM
-1
) 
0.325 ± 
0.029
a
 
0.468 ± 
0.096
b
 
0.302 ± 
0.063
c
 
0.484 ± 
0.021
d
 
0.393 ± 
0.101 
0.335 ± 
0.021 
DHA (µg 
mg DM
-1
) 
1.243 ± 
0.103
e
 
1.478 ± 
0.200 
0.984 ± 
0.170
c, f
 
1.178 ± 
0.088
d
 
1.123 ± 
0.115 
1.263 ± 
0.106 
 
???? 36.51 ± 
1.53 
35.65 ± 
1.52 
35.65 ± 
0.91 
36.09 ± 
1.55 
36.02 ± 
0.58 
36.11 ± 
0.33 
????? 14.46 ± 
1.02 
13.36 ± 
0.67
k
 
14.74 ± 
0.69 
15.12 ± 
0.65
l
 
14.71 ± 
0.73 
13.71 ± 
0.50
k
 
????? 49.04 ± 
2.35 
51.00 ± 
1.93 
49.61 ± 
1.38 
48.80 ± 
1.81 
49.27 ± 
0.92 
50.17 ± 
0.80 
 
16:0 23.20 ± 
0.57 
22.58 ± 
1.20 
23.54 ± 
0.47 
23.71 ± 
0.46 
23.72 ± 
0.47 
23.47 ± 
0.55 
18:0 8.83 ± 
1.75
e
 
8.58 ± 1.34 6.69 ± 
1.17
f
 
7.67 ± 0.82 6.97 ± 0.50 7.76 ± 0.83 
?????? 3.08 ± 
0.46
e
 
3.36 ± 
1.18
k
 
3.92 ± 
0.62
c, f
 
5.79 ± 
0.35
d, m
 
3.71 ± 0.34 4.02 ± 1.36 
?????? 7.18 ± 1.19 5.93 ± 1.53 6.35 ± 
0.80
c
 
4.63 ± 
0.49
d
 
6.18 ± 0.61 5.90 ± 2.68 
???????
(AA) 
1.37 ± 0.16 1.33 ± 0.13 1.36 ± 0.13 1.24 ± 0.15 1.55 ± 0.08 1.42 ± 0.06 
???????
(EPA) 
7.74 ± 
0.59
a, e
 
9.27 ± 
1.06
b
 
8.80 ± 
0.66
c, f
 
10.74 ± 
0.82
d
 
8.74 ± 0.79 9.27 ± 2.06 
???????
(DHA) 
29.84 ± 
1.86 
29.55 ± 
3.11 
28.77 ± 
1.70
c
 
26.03 ± 
1.43
d
 
29.07 ± 
1.39 
29.75 ± 
3.08 
F
A
T
M
 
Diatoms 5.51 ± 0.81 5.91 ± 1.75 6.52 ± 
0.93
c
 
9.12 ± 
0.24
d
 
6.69 ± 0.57 6.13 ± 
13.07 
Dinoflagell
ates 
0.81 ± 0.24 0.98 ± 0.18 0.81 ± 0.16 0.88 ± 0.09 0.68 ± 0.12 0.93 ± 0.31 
Heterotro
phs 
7.22 ± 1.20 5.98 ± 1.49 6.47 ± 
0.83
c
 
4.72 ± 
0.53
d
 
6.32 ± 0.63 5.94 ± 2.64 
S
ta
b
le
 i
s
o
to
p
e
s
 
Sample size 10 6 6 4 0 3 
Size (mm SL) 13.9, 10.0-
18.4 
13.6, 11.0-
16.9 
18.0, 13.0-
28 
10.5, 10.3-
10.9 
 13.3, 12.9-
13.6 
Mass (mg DM) 0.91, 0.15-
1.96 
0.85, 0.31-
1.48 
4.42, 0.80-
13.71 
0.43, 0.37-
0.50 
 0.70, 0.48-
0.98 
 ?15N 11.17 ± 
0.18 
11.20 ± 
0.46 
11.48 ± 
0.36 
10.82 ± 
0.61 
 11.03 ± 
0.71 
 ? 13C -20.14 ± 
0.45 
-19.29 ± 
1.25 
-20.40 ± 
0.78
c
 
-16.84 ± 
0.94
d
 
 -18.42 ± 
2.10 
C
o
n
d
it
io
n
 f
a
c
to
r 
Sample size 90 26 18 26 11 9 
Size (mm SL) 13.2, 8.3-
18.1 
12.7, 8.6-
16.9 
14.0, 6.57-
28.00 
11.0, 7.9-
13.7 
13.5, 10.7-
16.1 
13.1, 10.9-
13.7 
Mass (mg DM) 0.76, 0.06-
2.84 
0.60, 0.12-
1.48 
2.21, 0.08-
13.71 
0.54, 0.14-
1.58 
0.69, 0.20-
1.17 
0.59, 0.24-
0.98 
k (mg DM mm
-b
) 6.27E
-3 
± 
0.18E
-3
 
6.22E
-3 
± 
0.14E
-3
 
0.093 ± 
0.028 
0.093 ± 
0.018 
7.27E
-4 
± 
1.55E
-4
 
7.49E
-4 
± 
2.53E
-4
 
G
ro
w
th
 r
a
te
s
  
m
D
G
R
 (
m
m
 d
-1
) 
Sample size 26 7 7 8 17 6 
Size (mm 
SL) 
13.4, 8.3-
18.0 
14.6, 13.6-
16.9 
14.1, 8.4-
16-3 
11.4, 8.6-
13.4 
14.0, 11.4-
16.1 
13.3, 10.9-
15.6 
at 4-7 mm 
SLi 
0.48 ± 
0.15
e
 
0.62 ± 0.18 0.48 ± 0.08 0.52 ± 0.09 0.58 ± 
0.14
f
 
0.60 ± 0.24 
at 8-12 mm 
SLi 
0.47 ± 0.12 0.56 ± 0.11 0.42 ± 0.08 0.49 ± 0.14 0.47 ± 0.10 0.42 ± 0.10 
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Abbreviations and explanations in Table 4: 
Lipid analysis: values are proportions (%) of total fatty acids (TFA), except condition markers related 
to dry body mass). EPA: eicosapentaenoic acid, DHA: docosahexaenoic acid, SFA: saturated fatty 
acids, MUFA: mono-unsaturated fatty acids, PUFA: poly-unsaturated fatty acids, AA: arachidonic 
acid. Nomenclature of single fatty acids: No. before the colon = number of carbon atoms, No. after 
????????????????????????????????????????????????????????????????????????????????????????????????????
markers (FATM?? ???????? ???? ?????????? ?????? ??????? ????????? ?????????? ???????? ????? ?????
????????????????? ????????? ?????????????? ??????????? ???????? ???????????15N- and ? 13C-signatures 
were measured in muscle tissue. Condition factor k was calculated using species-specific exponents 
b. mDGR: mean daily growth rates calculated with all respective single DGR back-calculated from 
daily otolith growth increments. 
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DISCUSSION  
This study investigates the traits of larval sardine Sardinops sagax (Jenyns, 1842), anchovy 
Engraulis encrasicolus (L. 1758), and round sardinella Sardinella aurita Valenciennes, 1847 
in the northern Benguela ecosystem (NBCE) in terms of temperature preferences and feeding 
ecology and discusses their influence on daily growth rates and larval condition as indicators 
for the probability of successful recruitment in the light of potential competition. 
Water temperature is recognised as one of the most important factors regulating clupeoid 
populations (e.g. Schwartzlose et al., 1999) and temperature preferences can be contrasting in 
sibling species (Takasuka et al., 2008) as well as between different populations (Shannon et 
al., 1988). Temperatures at the sea surface (SST) and at 20 m (T20m) can serve as simple 
indicators of upwelling intensity with T20m reflecting the larval ambient conditions better 
(Håkanson, 1993). A normal seasonality of upwelling activity in the NBCE was observed 
during the four cruises, with higher upwelling intensities during austral spring and lower 
intensities during austral summer (Bartholomae and van der Plas, 2007). This was reflected by 
higher T20m, a larger southward extension of the SST-19°C-isotherm, and a deeper 14°C-
isotherm at 23°S during 02/2011 and 03/2008 compared to 09/2010 and 12/2009. The deep 
14°C-isotherms during 02/2011, extending close to the seabed, are indicators for a pronounced 
warm-water event (Bartholomae and van der Plas, 2007). 
Larvae of all three species avoid newly upwelled waters indicated by the same lower thermal 
limit of occurrence (16.5°C). The common occurrence of anchovy and round sardinella larvae 
at water temperatures >20°C suggest a wider temperature tolerance window compared to 
sardine larvae. This interspecific difference is evident when comparing larval densities in 
depth strata with in-situ conditions, reflecting the relevant environmental conditions governing 
physiological processes best. Preference of lower in-situ temperatures by sardine compared to 
anchovy larvae corroborates most previous findings (e.g. Cram, 1977; Daskalov et al., 2003) 
and is in agreement with a better recruitment success of sardines under colder conditions 
identified for the periods from 1952-1987 and 1992-2007 (Kirchner et al., 2009). However, it 
is not in support of Cole’s (1999) results.  
Sardine larvae were most abundant in the region around Walvis Bay (22.7°S-24°S), its 
traditional and currently major spawning ground in Namibia (Kreiner et al., 2011). Further 
northwards (up to 17.25°S) they were only encountered occasionally and in small numbers. An 
avoidance of warmer water by sardines possibly limits their dispersal towards the northern part 
of the NBCE. Intrusions of warm tropical waters from the Angola Current frequently occurred 
during late summer in the past twenty years (John et al., 2004; Bartholomae and van der Plas, 
2007; Mohrholz et al., 2008) and were also indicated for the cruises in 2011 and 2008. In 
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contrast, anchovy larvae distributed more widely over the Namibian shelf, from Walvis Bay 
(23°S) up to the Kunene River (17.25°S), thus they seem to be less affected by warm water 
intrusions. Under moderate upwelling conditions during late summer as encountered at 
Stat.266 in 02/2011 (22.7°S), sardine larvae might have an advantage over anchovy larvae as 
indicated by the higher content of the fatty acid DHA, which serves as a biochemical condition 
marker due to its importance for larval development (Masuda, 2003). The encountered warm 
conditions during late summer 2011 might have facilitated the southward extension of round 
sardinella spawning to the Walvis Bay region. High daily growth rates of their early larvae (4-
7 mm SLi) at Stat.266 indicate favourable ambient conditions. However larval densities were 
low compared to both sardine and anchovy. 
The availability of sufficient and suitable food in time and space is an important factor 
determining survival and growth of larvae. The application of a multi-methodological 
approach enhances the ability to elucidate trophic relationships over different time-scales and 
reduce potential limitations of single methods. Gut content analyses indicated that larvae of 
sardine and anchovy display similarity in many aspects of their feeding ecology. They feed 
during the day, preferentially ingesting copepods. Prey-width and -volume are similar at a 
similar size of larvae and increases with larval body size, whereas trophic niche breadth does 
not change over the investigated size range. Voracity is low and decreases with body size. In 
these respects, clupeoid larvae in the NBCE behave in a similar way to species in other world 
regions (reviewed by: van der Lingen et al., 2009; Catalan et al., 2010; Morote et al, 2010). As 
lined out before, we confirmed information derived from a limited amount of gut content 
analyses with the results obtained from stable isotope- (SI) and fatty acid trophic marker- 
(FATM) analyses. A diet based on primary consumers like copepods is also indicated by the 
?15N-signatures leading to trophic level estimates around three. The high amount of FATM of 
heterotroph organisms (copepods) is further evidence for the elevated importance of copepods 
in the diet. Further indications for a similar feeding ecology of the three species during the 
larval phase are similar proportions of FATM ???? ???????? ?15N- and 13C-signatures when 
sampled at the same ambient conditions. This result contrasts with findings in clupeoid larvae 
from other upwelling systems (Arthur, 1976; Muck et al., 1999), where differences in food 
composition were already observed at larval sizes between 10 and 20 mm. For the NBCE 
species this could mean, that the similar dietary preferences lead to interspecific competition 
for the same food sources, even when bulk zooplankton densities are high. Members of the 
small copepods Cyclopoida and Harpacticoida were both abundant in the ambient plankton at 
most sampling stations (Schwinghammer, 2011 and unpublished data), but the importance of 
cyclopoid copepods in the diet of sardine and anchovy larvae was low. This suggests a 
negative selection of cyclopoids, which was also found in Japanese anchovy Engraulis 
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japonicus (Islam and Tanaka, 2009). A negative selection of these small copepods could be a 
disadvantage for clupeoid larvae under stable conditions with low upwelling intensities and 
warmer temperatures, if small copepods dominate under these conditions as hypothesised by 
van der Lingen et al. (2006). The large contributions of essential FAs built up by diatoms 
emphasize the importance of a diatom-based food web for clupeoid larvae and direct feeding 
on diatoms was observed in post-larvae anchovy (25-30 mm SL).  
The strong inter- and intra-seas????? ??????????? ??? ???? ?15N-signatures of fish larvae could 
indicate a seasonal shift in prey composition, but might also be caused by a changing baseline. 
Such a change is suggested by the positive correlations of ?15N-signatures of sardine and 
anchovy larvae during 03/2008 and of phytoplankton in 12/2009 with water temperature 
(T20m). Thus it appears that the baseline increases from active upwelling to quiescent 
conditions, taking T20m as a simple proxy for the “age of upwelled water”. The exceptions of 
low ?15N-signatures of fish larvae at two stations with high water temperatures (Stat.275 and 
Stat.295 in 02/2011) are explained by their geographical position. Both stations were at the 
offshore end of the respective sampling transects and were likely affected by oceanic and 
tropical water, with a stable isotope stoichiometry that differed from upwelling water. A 
similar change in the baseline was observed during the succession of a phytoplankton bloom in 
the North Sea (Malzahn and Boersma, 2009). The recycling of nutrients and an increased 
importance of the microbial loop for the food web (Wu et al., 1997) are possible underlying 
mechanisms. Tintinnida, present in sardine and anchovy larvae guts, could represent a link to 
the microbial food web, as previously suggested by van der Lingen et al. (2006). Constant 
proportions of FATM over the four cruises are an additional indicator that no major seasonal 
shift in the diet occurs, at least from a biochemical perspective. However, this does not exclude 
small-scale differences in prey compositions. A changing prey spectrum of the larvae and/or 
their prey, e.g. Calanoida of the NBCE are mostly omnivorous with a higher affinity for 
herbivory in smaller species (Schukat et al. 2013), likely explains the variability of ?15N-
signatures at smaller scales. Accordingly, the differences in trophic markers of anchovy larvae 
(?13C, diatom and heterotroph FATM) between Stat.266 and Stat.305 can be attributed to 
differences in their ambient plankton composition. This point to a high trophic plasticity of 
anchovy larvae, similar to a quick adaption to a changing prey field found in the Adriatic Sea 
by Conway et al. (1998). 
Unfavourable temperatures or sub-optimum food levels can negatively influence growth rates 
(Håkanson, 1993; Takahashi and Checkley, 2008; Takahashi et al., 2012) and a poor 
nutritional condition and slow growth affect developmental stage duration and thus likely 
increase mortality rate of fish larvae (Houde, 1987). The average daily growth rates (mDGR) 
of anchovy (0.55 mm d-1) and sardine (0.50 mm d-1) larvae are within the range determined in 
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earlier laboratory (King et al., 1978; Brownell, 1983) and field studies (Thomas, 1986) in the 
Benguela and those reported for sibling species elsewhere, e.g. in the western Iberian 
upwelling system (Santos et al., 2007), Australia (Gaughan et al., 2001) and the East-China 
Sea (Chiu and Chen, 2001). Similar to E. japonicus (Chiu and Chen, 2001), anchovy larvae 
grew faster during the warmer conditions in 03/2008 compared to the colder conditions in 
09/2010 and 12/2009.  
In addition to the temperature effect, favourable feeding conditions allowed for higher growth 
rates during 03/2008 as indicated by better nutritional conditions of anchovy and sardine larvae 
(higher k). In contrast to late summer 2008, the nutritional conditions of sardine and round 
sardinella during 02/2011 were low, with sardine larvae containing less TFA than in 09/2010. 
Anchovy larvae grew slower during 02/2011 although temperature was higher. Further 
indications for an insufficient food supply during 02/2011 are the low feeding incidences of 
larvae, which were notably lower than reported for sardine and anchovy (Morote et al., 2010) 
and round sardinella larvae (Morote et al., 2008) from the Mediterranean Sea. The influence of 
a systematic error, caused by regurgitation during catching (Arthur, 1976), is assumed to be 
low since similar sampling protocols were used. Within 02/2011, a poorer nutritional condition 
at Stat.266 compared to Stat.305 was indicated for sardine and anchovy larvae. Together with 
higher mDGR of sardine larvae at Stat.305, this points to a suboptimal food supply in the 
region around Walvis Bay, where the highest larval densities were recorded. The higher 
density of zooplankton at Stat.266 seems to contradict food limitation; however the plankton 
composition is crucial in this regard. Likewise, the lower proportion of copepod nauplii and 
the high proportion of Harpacticoida at Stat.266, the first positively and the second negatively 
selected by four of five sardine and anchovy larvae, may have led to intra- and interspecific 
food competition at Stat.266. In addition, high zooplankton densities may also enhance 
predation pressure on clupeoid larvae (Agostini et al., 2007) may result in elevated predation 
mortality. 
In conclusion, we showed that anchovy larvae in the NBCE have an expanded temperature 
range of occurrence towards higher water temperatures compared to sardine and round 
sardinella larvae. This may be an advantage at times when warm water events in the NBCE 
increase in frequency. Larval feeding ecology of sardine, anchovy and round sardinella in the 
NBCE are similar in many aspects, which implies a potential for trophic competition. The 
extraordinarily high larval abundances encountered around Walvis Bay in 02/2011 suggest that 
especially sardines still possess the potential to produce high larval densities, a precondition 
for high recruitment. However, at such high numbers a likely food-mediated density effect 
might hamper recruitment success. Future experiments on temperature preference and 
tolerance ranges of larvae could clarify whether our field observations reflect their bioclimatic 
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envelope based on species-specific eco-physiological traits. Analyses of prey nutritional values 
and tropho-dynamic experiments that simultaneously investigate responses to different 
upwelling conditions at different trophic levels would further improve our understanding of the 
underlying processes affecting growth and condition of clupeoid larvae in the NBCE. 
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SUPPORTING INFORMATION  
SuppInfo 1: Geographical position and bottom depth of sampling stations of the four research 
cruises with an indication of deployments of quantitative hauls (oblique MultiNet) and presence of 
clupeoid species  
 
For SuppInfo 1 please refer to Annex I (pp. 152-156). This table has the similar content and 
additionally includes presence indications for T. capensis.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SuppInfo 2: Potential regressions of otolith radius and standard length at catch for 
S.sagax (S.s., blue), E. encrasicolus (E.e., green) and S. aurita (S.a., red). Due to the 
small size range of S. aurita, w of the combined fit of S.a. and S.s. (purple) was used 
for the DGR-back-calculation 
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SuppInfo 3: ?15N values of potential prey components and larval sardine, anchovy and round 
sardinella larvae and trophic level estimations of larvae from four cruises during different 
seasons 
 
Taxonomic group 
(post hoc results) 
Year 
Month 
Subgroup or 
size range (mm) 
n Mean±S.E. 
Trophic 
level 
A) Phytoplankton  
08/2011 diatoms 10 -1.01±0.36 1 
09/2010 diatoms 3 1.87±0.14 1 
12/2009 diatoms ± water 4 1.15±0.32 1 
B) Dinoflagellata 09/2010 Noctiluca 3 2.81 ± 0.14 1.3 
C) Cyclopoida 
10/2011 Oncaea + 
Oithona 
4 5.75 ± 0.19 2 
02/2011 Oncaea 1 8.48 2 
D) Harpacticoida 10/2011 Microsetella 4 7.09 ± 0.36  
E) Calanoida  
09/2010  Nannocalanus 3 4.80 ± 0.21 1.9 
12/2009  Aetideopsis 4 6.03 ± 0.17 2.4 
12/2009  Calanoides C5 4 6.08 ± 0.13 2.3 
12/2009  Calanoides f. 3 8.17 ± 0.07 2.9 
03/2008  Calanoides C5 2 7.4 ± 0.2 2.3 
Sardinops sagax 
(>A, B, C, E and c>d) 
a) 09/2010 18.0 ± 20.9 2 8.95 3.1 
b) 12/2009 16 1 10.26 3.5 
c) 02/2011 10.0 - 22.0 24 10.83 ± 0.15 2.7 
d) 03/2008 13.9 - 15.9 8 9.79 ± 0.2 3.0 
Engraulis encrasicolus 
(>A, E and c>a, b, d; d>a) 
a) 09/2010 11.4 - 22.4 11 6.72 ± 0.14 2.4 
b) 12/2009 11.4 - 16.4 3 7.87 ± 0.06 2.8 
c) 02/2011 6.0-29.0 18 10.91 ± 0.14 2.7 
d) 03/2008 8.1 – 29.0 71 9.13 ± 1.01 2.8 
Sardinella aurita 
(>A, C, D, E and c>d) 
c) 02/2011 11.0-13.6 4 11.05 ± 0.58 2.8 
d) 03/2008 10.9-16.0 7 9.39 ± 0.28 2.9 
 
Trophic levels estimated with ?15N-values of the organism group representing the lowest trophic level 
(phytoplankton or copepod) available in the respective year taken as baseline (BL, in bold): 09/2010, 
BL = 1 - phytoplankton; 12/2009, BL = 1 - median of phytoplankton at Stat.256 and Stat.257; 02/2011, 
BL = 2 – cyclopoida; 03/2008, BL = 2.3 - Calanoides C5. Taxonomic groups were significantly 
different (?2(7, 194) = 111.05, P < 0.0001). Fish larvae signatures were also compared between cruises: 
Engraulis: ?2(3, 103) = 56.92, P < 0.0001; Sardinella: ?2(1, 11) = 7.00, P = 0.0082; Sardinops: ?2(1. 32) = 
9.28, P = 0.0023. n = number of analysed samples can consist of multiple pooled individuals from the 
same site. Dunn’s post hoc tests were calculated to discriminate significantly different groups 
 
 
Chapter II Larval feeding ecology of clupeoids 
 108 
 
  
 109 
 
  
  110 
 
 
 Ecological traits of T. capensis larvae  Chapter III 
 111 
 
 
Chapter III 
 
 
 
 
Early life history traits determine success of Cape horse mackerel, 
Trachurus capensis Castelnau, 1861, in the degraded northern Benguela 
upwelling ecosystem off Namibia 
 
 
GEIST SJ
1
, corresponding author 
simon.geist@zmt-bremen.de 
+49 421 238 00 -124 (phone), -30 (fax) 
KUNZMANN A
1
 
andreas.kunzmann@zmt-bremen.de 
VERHEYE HM
2
 
hverheye@environment.gov.za 
EKAU W
1
 
werner.ekau@zmt-bremen.de 
 
1 Leibniz Center for Tropical Marine Biology, ZMT 
Fahrenheitstr. 6 
D-28359 Bremen 
2 Oceans and Coasts Research, Department of Environmental Affairs, 
and Marine Research Institute, University of Cape Town 
- Cape Town, South Africa 
Chapter III Ecological traits of T. capensis larvae 
 112 
ABSTRACT  
Early life history (ELH) traits are key to understand variable recruitment success and hence the 
stock size of marine fish. One of the currently most puzzling marine ecosystems in this regard 
is the northern part of the Benguela Current upwelling system off Namibia. Here populations 
of the formerly dominant pelagic species, sardine and anchovy, failed to recover during the last 
three decades after a dramatic decline. In contrast, Cape horse mackerel, T. capensis, 
maintained a constant population size. Changes in the temperature and oxygen regime together 
with feedback loops within an altered food web are discussed to be responsible for this regime 
shift. In this study we address the question as to what enables T. capensis to act as a “pelagic 
performer” under the present environmental conditions. Therefore, we investigated seasonal 
variations of the geographical distribution, growth rate, feeding ecology and nutritional 
condition of their ELH stages and examined relationships with water temperature, dissolved 
oxygen concentration and microzooplankton composition. We found a wide spatial and 
seasonal distribution of T. capensis’ early life stages, a preference for higher water 
temperatures (18-20°C) and presence over a wide range of dissolved oxygen concentrations 
(0.13-6.35 mL O2 L
-1). Furthermore, they showed an opportunistic feeding behaviour and fed 
successfully on the most abundant microzooplankton (different groups of Copepoda), and as 
result displayed a higher daily growth rate in terms of biomass compared to larvae of clupeoid 
species. Altogether, these traits enhance this species’ probability to encounter suitable 
environments for the survival of their early life stages, which is likely to lead to their high 
recruitment success in the northern Benguela ecosystem. 
 
KEYWORDS  
geographic distribution, seasonal, feeding ecology, gut content, stable isotopes, fatty acids, 
daily growth rate, nutritional condition  
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INTRODUCTION 
Horse or jack mackerels of the genus Trachurus occupy an important trophic position in all 
eastern boundary current upwelling (Humboldt, Canary, California, Benguela and Iberian 
Peninsula) and many other large marine ecosystems worldwide (e.g. Japan, Black Sea, 
Mediterranean; Crawford, 1987; Fréon et al., 2005; Abaunza et al., 2003). T. murphyi from the 
Humboldt Current ranks among the global top ten species in terms of fisheries yield, although 
catches declined tremendously during the last decade (FAO, 2012). T. trachurus was a 
profiteer of a regime shift in the North Sea, which was related to rising sea temperatures 
(Alheit et al., 2005). Cape horse mackerel, T. capensis Castelnau, 1861 from the Benguela 
Current is an important fisheries resource in the northern part of this coastal upwelling system, 
~16°S to ~27°S off Namibia (van der Lingen et al., 2006b). 
The northern Benguela Current ecosystem (NBCE) is characterised by seasonality in 
upwelling activity with lower intensity during austral summer (Bartholomae and van der Plas, 
2007). In the last 20 years, warm-water events during austral summer have frequently led to 
elevated temperatures (Bartholomae and van der Plas, 2007) likely contributing to the 
intensification of seasonal hypoxia (Mohrholz et al., 2008; Monteiro et al., 2008; Ekau et al., 
2010). Changes in the temperature and oxygen regime combined with overfishing are 
considered as main factors driving the regime shift that occurred in the 1970s (Cury and 
Shannon, 2004; Ekau et al., 2010). This shift led to a severe and persistent loss of fisheries 
productivity caused by a decline in sardine and anchovy fish stocks (van der Lingen et al., 
2006b; Hutchings et al., 2009). Therefore, the NBCE is perceived as a warning example for 
possible future developments of upwelling ecosystems (Bakun et al., 2010). T. capensis is the 
only pelagic fish species in the NBCE, which maintained a relatively constant stock size 
during the last 30 years and presently is an important exploited resource (Cury et al., 2005; 
Kirchner et al., 2010). However, fisheries management of the species is based on limited 
knowledge of their ecology and uncertainties about recruitment processes (Kirchner et al., 
2010). 
Although fishing impact can be an important factor controlling stock development, long-term 
trends are controlled by environmental factors (Houde, 1987; Lehodey et al., 2006). The 
linkage of climate phenomena to pelagic fish population dynamics continues to largely elude 
us (Bakun, 2010). Recruitment stages are a bottleneck for the development of fish stock 
because early life stages are particularly vulnerable to environmental fluctuations (reviewed by 
Bakun, 2010; Drinkwater et al., 2010). Consequently, temperature and dissolved oxygen are 
two important abiotic factors that structure ichthyoplankton distribution in the NBCE (e.g. 
Ekau and Verheye, 2005), both having the potential to influence the physiological performance 
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of the larvae (Drinkwater et al., 2010; Pörtner, 2010). Combined with adequate food supply, 
these factors determine growth rate and condition (Cushing, 1996; Ekau et al., 2010). These 
environmental factors can indeed affect larval mortality rate, either directly or indirectly by 
prolonging the duration of larval stages, characterised by high vulnerability to starvation or 
predation (Houde, 1987). 
Knowledge of the biology of early life stages of T. capensis is scarce. Larvae from other 
Trachurus species were described as copepod feeders (Arthur, 1976; Young and Davis, 1992; 
Sassa and Tsukamoto, 2012), which are able to ingest larger prey compared to clupeoid larvae 
at similar body size, and usually have a high feeding success (Arthur, 1976). Trachurus larvae 
are perceived as robust larvae that quickly develop outer body walls (Arthur, 1976). Together 
with a fast burst swimming speed they are able to cope with the presence of competitors and/or 
predators like jellyfish from the post-flexion stage onwards (Masuda, 2009). Thus, similar 
traits in T. capensis would be beneficial in the NBCE, since jellyfish are an important 
ecosystem component at present (Flynn et al., 2012). 
The study on hand forms an integral part of GENUS (Geochemistry and Biology of the 
Namibian Upwelling System), a Germany-funded interdisciplinary research project focusing 
on the northern Benguela aiming to understand and quantify energy and matter fluxes in the 
NBCE. Within this context we focus on the early life history (ELH) traits of T. capensis larvae 
and early juveniles, the dominant small pelagic species in the system. We need to understand 
potential reasons for superior performance of T. capensis under the current environmental 
conditions compared to other small pelagic species, such as the formerly dominant sardines. 
Do T. capensis utilise different food sources or show a more efficient food conversion than 
clupeids? Is a higher environmental resilience against increased temperature or lowered 
oxygen level responsible for better performance?  
We investigate (1) the spatial distribution of T. capensis early life stages during 
different seasons in relation to in-situ water temperature and oxygen concentration and (2) 
their feeding ecology by combining three methodological approaches operating at different 
time scales (gut content, stable isotopes and fatty acid trophic markers) and discuss the 
combined effect of (1) and (2) on larval condition and growth.  
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MATERIAL AND METHODS  
Field sampling  
T. capensis early life stages and data on prevailing environmental conditions were collected in 
the NBCE off Namibia (~16°S to ~27°S) during four research cruises at different times of 
year. Sampling was conducted during late summer in March/April 2008 and February/March 
2011 (FS Maria S. Merian, cruises MSM 7-2/3 and 17-3), early summer in December 2009 
(FRS Africana, cruise Afr258) and spring in September/October 2010 (RRV Discovery, cruise 
D356). Quantitative ichthyoplankton collections in the upper 200 m were made, both day and 
night, at 94 stations using a MultiNet type Midi (Hydrobios™, mouth area: 0.25 m2, mesh size: 
500 µm) equipped with five nets and hauled obliquely from one depth to the next at 1 m s-1 
ship speed from 200 m to the surface (Fig. 1). At each station the nets sampled in depth strata 
determined according to water column structure in terms of temperature and dissolved oxygen 
identified from preceding CTD-casts (Mohrholz, 2012 a-c and pers. comm.). Two of the nets 
were equipped with net-inlays (mouth diameter: 10 cm, mesh size: 55 µm) for simultaneous 
sampling of microzooplankton in the two uppermost depth strata, except in 03/2008. In order 
to augment the number of specimen used for stomach content, growth and biochemical 
analyses and to catch juveniles, additional hauls were made with a trawled or drifting ring net 
(mouth area: 2 m2, mesh size: 1000 µm), a Tucker trawl (mouth area: 1 m2, mesh size: 1000 
µm) and a MOCNESS (mouth area: 1 and 2 m2). Fish larvae were sorted on board and kept 
deep-frozen at -80°C immediately after catching until further analyses in the laboratory. After 
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Fig. 1: Station grid of ichthyoplankton hauls during four research cruises ordered by 
season from austral spring to late-summer. Quantitative sampling with a MultiNet (black 
dots), and exclusively qualitative hauls (cross). Stations referred to in the text are 
indicated (‘/’ = similar latitude & longitude; ‘,’ and ‘-‘ = similar latitude). Bathymetry as 
greyscale 
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removal of the larvae on board, the remaining catches of MultiNets were preserved in a 4% 
formalin-seawater-solution for community composition analyses of ichthyo-, zoo- and 
microzooplankton (net inlays catches). Samples for quantitative and qualitative phytoplankton 
analyses were taken from the mixed layer (usually upper 30 m) by means of a rosette sampler 
during the cruises in 2009-2011 (data courtesy of Wasmund, IOW). 
Basic analyses and morphometric condition factor 
Phytoplankton cells were counted according to the method of Uthermöhl (1958). Cell 
abundance was converted into bio-volume and –mass by means of their geometric shapes 
(Hillebrand et al., 1999). The taxonomic composition of microzooplankton was identified 
according to Gibbons (1999) and Huggett and Bradford-Grieve (2007). Microzoo- and 
Zooplankton biomass was determined as drained wet mass after removal of all large gelatinous 
organisms (salps) and macrozooplankters (euphausiids and amphipods). 
T. capensis were identified according to Olivar and Fortuño (1991) and Bianchi et al. (1999). 
Larval densities per station were calculated from the MultiNet catches for each single net (ind. 
100 m-³), and standardised per unit area (ind. 10 m-2). Based on the observed depth distribution 
of the larvae, water temperature at 20 m was chosen to optimally compare the thermal regime 
between stations. Body length of larvae was measured as standard length (SL; notochord 
length in early larvae). In Trachurus, distinctive morphological developments occur at the 
following sizes (Arthur, 1976; Westhaus-Ekau, 1988; Olivar and Fortuño, 1991): around 4 mm 
= flexion and looped gut, around 8 mm = dorsal fin readily developed, around 12 mm = 
distinct differentiation of the intestinal tract and onset of metamorphosis, and at the latest at 18 
mm = intestinal tract fully developed. Accordingly, specimen were categorised into the 
following size classes: 3-4 mm = pre-flexion larva, 5-7 mm = flexion larva, 8-11 mm = post-
flexion I larva, 12-15 mm = post-flexion II larva, 16-20 mm = transformation larva, and 21-40 
mm juveniles. 
Body mass was determined as dry mass (mg DM) using a high-precision balance after freeze-
drying the larvae, which had their intestinal tract carefully removed. The morphometric 
condition factor (Heincke, 1908) adjusted for the species-specific length-weight relationship 
was calculated as: 
k = GDM SL-b 10-5          (2) 
where GDM is gutted dry mass (mg), SL is standard length (mm) and b is derived from 
species-specific potential length-weight regressions. 
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Daily growth rate 
We used daily increments observed in otoliths to assess growth rates under different 
environmental conditions. Otoliths were removed from larvae and carefully cleaned, immersed 
in water using dissecting needles and subsequently dried. Otoliths from the smallest larvae (3-
5 mm) were placed in a drop of Immersion Oil (Zeiss) on a cavity slide to increase contrast. 
Otoliths from larger individuals (6-16 mm) were mounted with epoxy resin, polished and 
ground with silicon carbide paper of respectively 2400 and 4000 granulation to reveal all 
growth increments. Daily increments have been validated in larvae of Trachurus declivis 
(Jordan, 1994), T. trachurus (Waldron and Kerstan, 2001) and T. japonicus (Xie et al., 2005). 
We assumed T. capensis to behave similarly to its congeners. Daily growth rate (DGR) during 
the first month of life was estimated using back-calculations from growth increment readings 
of sagittal otoliths. Following the procedure described by Grote et al. (2012) the model of 
Folkvord and Mosegaard (2002) was applied: 
SLi = (ORi ORc
-1)w SLc         (3) 
where SLi is standard length (mm) at increment i, ORi is the otolith radius (mm) at increment i, 
ORc is the otolith radius (mm) at capture, w is the exponent of the potential regression between 
SLc and ORc (w = 0.55), and SLc is the standard length (mm) at capture. For each specimen 
analysed, we calculated the mean DGR (mDGR) in two size classes (3-4 mm and 5-7 mm SLi) 
from the respective individual DGRs. DGR was converted from length (mm) into biomass (g) 
using the length-weight regressions that were calculated for the species-specific condition 
factor k. 
Trophic ecology 
We used an integrated approach combining three methods to study the trophic ecology, namely 
analyses of gut contents, stable isotopes (SI) and fatty acids (FA). 
Gut content analysis (intestinal tract) provides information about the ingested food items at 
the time of catch and allows for a high taxonomic resolution, but can be biased towards hard-
structured, undigested items that are more easily identifiable. In the home laboratory, each 
frozen larva was thawed, its feeding incidence recorded, a stomach fullness index assigned (0 
= empty to 5 = very full), the digestive tract carefully removed. Every food item was identified 
to the lowest possible taxonomic level under a dissecting microscope. Prey items were 
measured to the nearest 0.1 µm from digital images, using a Zeiss AxioCam Icc1 and 
Axiovision software. The bio-volume of each item was estimated according to its shape: the 
volume of a sphere for eggs and that of a cylinder for copepods and calyptopes larvae 
(prosome length and width) and for centric diatoms (height and diameter). The generalised 
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importance index (%GII; Assis, 1996) was calculated, using the relative values of abundance, 
bio-volume and the frequency of occurrence for each taxonomic group to compare the dietary 
composition of the different size classes. Prey selectivity index (C) of Pearre (1982) was 
calculated just for larvae collected in samples where concurrent microzooplankton data were 
obtained, and ????????????????????????????. A positive or negative sign of the index indicates 
positive or negative selection respectively. 
?15N stable isotope (SI) compositions of T. capensis’ muscle tissue and potential food 
organisms (phyto- and zooplankton) were analysed to obtain an intermediate to long-term 
record (>1 day) of metabolised food (Vander Zanden and Rasmussen, 2001). Sampling of 
phytoplankton is described and SI data of potential prey organisms already presented in Geist 
et al. (2013b). SI-data of Calanoida are taken from Schukat et al. (2013). All samples were 
rinsed in distilled water, freeze-dried and ground to a homogenous powder prior to transfer 
into tin capsules for elemental micro-analysis. If the individual body mass was too small to be 
measured, multiple specimens of similar size and from the same location were pooled. SI-
compositions were analysed in a gas isotope ratio mass spectrometer (Thermo Finnigan, Delta 
Plus) after high-temperature combustion in an elemental analyser (Thermo Finnigan, Flash EA 
1112) at ZMT Bremen with atmospheric air (?15N) and PDB carbonate (?13C) as reference 
standards. 
Lipid analysis was applied as the third method for investigating trophic ecology. We used fatty 
acid trophic markers (FATM) as medium- to long-term record (>1 day) of metabolised food 
(Dalsgaard et al., 2003) to reveal the relative importance of diatom- and autotroph-
dinoflagellate-based prey in the diet of T. capensis?? ?????? ???????? ???? ?????? ?????? ????????
??????????????????????????????????????? ?????????????????????????????????????????????? ????
???????? ??????? ???? ???????? ??? ???????? ???? ???????????? ?????????? ??????????? ??????????
(Dalsgaard et al., 2003). In addition to the FATM analysis, we used the contribution of total 
fatty acids, TFA, (% tissue dry mass) as a lipid-based condition measure (Dalsgaard et al., 
2003). TFA-content was analysed in muscle tissue of 102 and FA-composition of 121 
individuals. Lipid extraction, fatty acid methyl ester preparation and FA-measurements were 
done according to Kattner and Fricke (1986) and as described in Peters et al. (2006). The 
internal standard, tricosanic acid (23:0), was added at the beginning of the extraction process 
to determine absolute amounts of FA. Gas chromatography measurements were conducted in 
the BreMarE laboratories, University of Bremen with settings described in Schukat et al. 
(2013). 
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Data analyses 
Sample sizes (the number of larvae and juveniles) used in this study per cruise and for each 
analytical method are summarised in Table 1. Plots of depth-integrated larval abundance 
superimposed on water temperature at 20 m depth at sampling stations were constructed using 
Ocean Data View 4.5.0 software (30‰-DIVA-gridding). All statistical tests were performed 
using JMPpro 10.0.0 software. Categorical groups were tested either by Student’s t-tests and 
Welch-ANOVAs or their non-parametric analogues of Wilcoxon tests (Mann-Whitney and 
Kruskal-Wallis-type), depending on whether preconditions were met. TFA-proportions were 
arcsin-square-root-transformed for all analyses, which require a normal distribution. Data 
averages are given as mean ± standard deviation, if not indicated otherwise. Statistical results 
are given in the form: ”Value of test statistic(degrees of freedom, sample size) = X.XX”. The relationships 
between condition factor and major environmental factors were analysed by cubic spline plots 
for four different size classes. The environmental factors shown were selected based on 
Principal Component Analysis and Generalised Linear Models (assuming Poisson distribution 
and log-link functions; not shown). Graphs were post-processed using Adobe Illustrator CS 5.1 
software. 
 
 
 
 
 
 
 
 
 
 
 
 
  
Table 1: Summary of sample sizes: number of T. capensis larvae used for each of the analyses 
of growth, diet, stable isotopes, lipids and condition per cruise. Due to inherent methodological 
constraints, it was not always possible to apply all analyses to each individual larva collected. 
The complete set of analyses within a method was only conducted on a subsample of the 
larvae 
method analysis 09/2010 12/2009 02/2011 03/2008 total 
Abundance in MultiNets 134 115 750 596 1595 
Growth DGR 3-4 mm SLi 8 13 21 16 57 
DGR 5-7 mm SLi 5 10 12 13 40 
diet  Gut fullness 52 34 123 119 328 
prey size 16 36 55 14 121 
voracity 16 40 60 26 142 
gut composition 16 40 62 29 147 
Prey selectivity 11 12 50 0 73 
Stable Isotopes 4 31 27 70 132 
lipid FA-composition/FATM 19 13 45 44 121 
TFA content 19 11 43 29 102 
Nutritional condition 55 76 87 191 409 
 
Abbreviations: DGR = daily growth rate, SL = standard length, FA = fatty acid, FATM = fatty acid 
trophic markers, TFA = total fatty acid 
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RESULTS 
Seasonal and geographical variations of water temperature, salinity and oxygen 
concentration 
Water temperatures at 20 m depth (T20m) during the four research cruises ranged from 10.5 to 
28.9°C, and were on average lower during 09/2010 and 12/2009 than during 02/2011 and 
03/2008 (Fig. 2). Temperatures usually increased with distance from the coast (Fig. 2). At 
stations on the shelf (<500 m depth) in the area between 24°S and 17°S, average T20m was 
higher during 03/2008 and 02/2011 than during 12/2009 and 09/2010 (Table 2). Surface 
salinities were significantly higher during 03/2008 than during 12/2009 and 09/2010, but not 
02/2011 (Table 2). The depth of the 2.5 mL O2 L
-1 isopleth was significantly shallower during 
03/2008 than during 09/2010 and 02/2011 (Table 2). Warm sea surface temperatures (SST, 
>19°C) extended further southward during 02/2011 (19.1°C at 23.5°S) and 03/2008 (21.4°C at 
22°S) than during 12/2009 (19.4°C at 19°S). At 23°S, the 14°C isotherm at inshore stations 
(65-250 m) was shallower during 09/2010 (at 0% and 25% of total depth) and 12/2009 (n = 3, 
14-31% of total depth) compared to 03/2008 (n = 4, 29-56% of total depth) and 02/2011 (n = 
7, 30-100% of total depth). 
Spatial distribution of T. capensis larvae in relation to temperature and dissolved oxygen 
During the four research cruises 1595 larvae of T. capensis were caught in quantitative 
MultiNet hauls at 57 of a total of 101 stations sampled. In addition, larvae occurred at another 
20 stations, which were sampled only qualitatively (Fig. 2). During the late summer cruises 
(02/2011 and 03/2008) larvae were more abundant than during the spring and early summer 
cruises (09/2010 and 12/2009, Fig. 2). During all four cruises, the principal area of larval 
distribution was located between 17°S and 20°S, and only in 02/2011 high abundances also 
occurred around Walvis Bay (~23°S, Fig. 2). Most of the larvae were caught within the upper 
50 m of the water column (Fig. 3) and at in-situ temperatures (at net closing depth) between 15  
Table 2: Average water temperature at 20 m (T20m), surface salinity and depth of the 2.5 mL O2 
L
-1
 isopleth (mean ± standard deviation) at stations over the shelf (<500 m depths) in the main 
spawning area of T. capensis (17°S – 24°S) during the four research cruises. Cruises were 
compared using Wilcoxon tests. Data source: Mohrholz (2012 a-c and unpublished data) 
 09/2010 12/2009 02/2011 03/2008 ?2 p-value 
n 8 10 28 28   
T20m (°C) 14.97 ± 0.87 16.03 ± 1.92 18.54 ± 2.17 18.33 ± 1.50 24.61 < 0.0001 
Salinity at surface 35.32 ± 0.24 35.24 ± 0.17 35.46 ± 0.27 35.58 ± 0.16 18.09 0.0004 
Depth of  
2.5 mL O2 L
-1 
(m) 
84.0 ± 37.8 55.5 ± 46.5 69.9 ± 59.5 30.7 ± 18.0 16.35 0.0010 
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and 20°C (n = 113 nets, median = 18°C), with a thermal range of occurrence between 12.8 and 
25.7°C (Fig. 3). T. capensis larvae occurred at a wide range of dissolved oxygen levels 
between 0.13 and 6.35 mL O2 L
-1 (n = 107 nets, median = 4.28 mL O2 L
-1; Fig. 3). 
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Fig. 2: Spatio-temporal distribution of T. capensis larvae and temperature at 20 m depth in 
sequence of season from different years. Circles indicate larval abundance (Ind. 10m
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); 
crosses indicate the presence of larvae in qualitative catches when no parallel positive 
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Fig. 3: Densities of T. capensis larvae (black triangles) for each net from quantitative 
MultiNet hauls in relation to water temperature and dissolved oxygen concentration (DO) at 
closing depth of the respective net (NCD). Grey crosses indicate empty nets. Temperature 
and oxygen data taken from CTD casts (Mohrholz, 2012 a,b,c, unpublished data)  
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Back-calculated mean daily growth rate (mDGR) in pre- and early post-flexion stage 
mDGR, (mm SL d-1) back-calculated from daily otolith increments ranged from 0.14 to 0.40 in 
the pre-flexion stage (3-4 mm SLi, n = 57) with an average of 0.24 ± 0.06 (mean ± standard 
deviation) and from 0.13 to 0.47 in the post-flexion I stage (5-7 mm SLi, n = 40) with an 
average of 0.28 ± 0.09. This is equivalent to an average daily increase in body mass of 0.094 ± 
0.005 mg DM d-1 at a size of 3.5 mm SLi and of 0.49 ± 0.02 mg DM d
-1 at a size of 6 mm SLi. 
When comparing between seasons, mDGR was lower during 09/2010 than during 02/2011 and 
?????????????????????????????????????2(3, 57) ?????????????????????????2(3, 40) = 13.71, p = 0.0033, 
respectively). mDGR ??? ??????? ????????? ?????? ????????? ????? ?? ?? ???????????? ????????????
generally followed the seasonal trends, with the exception that at 3-4 mm SLi DGR at Stat.276 
(02/2011) was low (???????? ?2(11, 46) = 3.33, p = 0.0034). At a size of 5-7 mm SLi, mDGR at 
Stat.26 (09/2010) was significantly lower than at Stat.275 (02/2011) while mDGR of larvae at 
Stat.305 were higher compared to ???? ?????? ????????? ?????? ??? ?2(8, 30) = 16.97, p = 0.0305). 
mDGR in the pre-flexion stage was linearly correlated with T20m (n = 56, R
2 = 0.30, a = -0.032 
± 0.058, b = 0.0149 ± 0.003, p<0.0001) within a temperature range of 14.3-21.4°C. In contrast, 
mDGR in the post-flexion I stage did not show a correlation with temperature (15.7-21.4°C). 
Fig. 4: Variation of mean daily growth rates (mDGR) at two different size classes derived 
from back-calculated data (SLi, standard length back-calculated) between seasons (top), and 
???????????????????????????????????????????????????????????????????????????????????????????
as box-whisker-plots with mid-line, box and whiskers (median, 1
st
 and 3
rd 
quartiles, and 
range) in sequence of season from austral spring to late summer. X-axis labels show station 
numbers and respective number of specimen examined (in parentheses) 
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Trophic ecology of T. capensis early stages and microzooplankton composition 
T. capensis larvae showed a feeding 
incidence of >75%, with 250 of 328 
individuals examined containing food 
items in their digestive tracts (stomach 
and gut). A significant diel variation in 
feeding incidence was observed, with 
highest gut fullness during the period 
05:00 a.m. - 16:59 p.m. UTC (Fig. 5, 
?2(7, 328) = 70.70, p<0.0001). 
The development of prey 
characteristics with body size was 
analysed in 121 larvae with full guts 
over the size range 3-20 mm SL. The 
upper range of individual prey width 
and prey volume increased with larval body size (Fig. 6 a, b). The number of prey items per 
gut, voracity, also increased with larval size and showed a clear step-up around 8 mm (Fig. 6 
d). In contrast, the trophic niche breadth (after Pearre, 1986) remained fairly constant 
throughout the investigated size range (Fig. 6 c). 
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Fig. 6: Development of prey characteristics of T. capensis larvae over a size range of 3-20 
mm standard length: a) prey width; b) total prey volume per gut; c) trophic niche breadth 
(Pearre, 1986), and d) voracity. Data are shown as mean and range, except in (c). The 
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Different size- and taxonomic groups of Copepoda dominated the gut content composition 
throughout the investigated size range of larvae and juveniles (3-40 mm SL, n= 147; Fig. 7). 
Copepod eggs (n = 120, diameter = 0.20 ± 0.20), nauplii (n = 126, prosome width (PW) = 0.12 
± 0.08, prosome length (PL) = 0.23 ± 0.15; mean ± standard deviation) and Harpacticoida (n = 
146, PW = 0.10 ± 0.02, PL = 0.35 ± 0.09) were important in pre-flexion larvae (3-4 mm). 
Oncaea sp. (n = 500, PW = 0.17 ± 0.05, PL = 0.31 ± 0.08) and Oithona sp. (n = 1610, PW = 
0.18 ± 0.03, PL = 0.35 ± 0.05) made up similar proportions in the different size classes from 5-
20 mm SL. Both the relative importance and the mean prosome length of Calanoida present in 
the gut contents increased from larval to juvenile size classes (Table 3).  
Different copepod groups also dominated the microzooplankton community (Fig. 8). Two or 
three groups usually made up for >50% of total abundance with differences between the 
cruises. Copepod nauplii dominated in 12/2009 and copepod eggs and Harpacticoida in 
02/2011. In 09/2010, the community structure was more variable between sampling stations 
(Fig. 8). 
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Fig. 7: Gut content composition of T. capensis larvae divided into six size classes according 
to morphological developmental stages, expressed as “general importance index, %GII” 
incorporating relative abundance, bio-volume and frequency of occurrence of prey items. 
Sample size (n) refers to the number of guts analysed per size class 
Table 3: Prosome length and width (both in mm, mean ± standard deviation) of calanoid 
copepods found in guts of T. capensis larvae of six different size classes (SL, in mm) 
Larval size (SL) 3-4 5-7 8-11 12-15 16-20 21-40 
n Calanoida 84 101 128 142 174 23 
Prosome length 
0.22 ± 
0.13 
0.48 ± 
0.25 
0.69 ± 
0.28 
0.72 ± 
0.26 
0.82 ± 
0.26 
1.22 ± 
0.44 
Prosome width 
0.10 ± 
0.05 
0.21 ± 
0.10 
0.31 ± 
0.10 
0.32 ± 
0.11 
0.35 ± 
0.13 
0.44 ± 
0.12 
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The six most important prey groups (copepod eggs, copepod nauplii, Harpacticoida, Oncaea 
sp., Oithona sp. Calanoida) were differently selected by T. capensis larvae depending on larval 
size class (Fig. 9). In some cases similarly sized larvae also showed seasonal differences, e.g. 
larvae in the size class 8-11 mm selected Harpacticoida and Oncaea sp. positively during 
02/2011 but negatively during 09/2010 (Fig. 9). Copepod eggs and nauplii were mostly 
negatively selected from 5 mm SL onward. Selection of Poecilostomatoida and Cyclopoida 
(Oncaea and Oithona) was highly variable. Harpacticoida were negatively selected in most 
cases, in line with their low importance for gut content composition. Calanoida were selected 
positively at larger body size (Fig. 9). 
In addition to gut content, ?15N-ratios of muscle tissue were analysed from 132 individuals, 
categorised into the same size classes caught during all four cruises to obtain information 
about metabolised prey. Median ?15N-ratios of T. capensis tissue were in the same range as 
those of sardine, S. sagax, and anchovy, E. encrasicolus with the exception of 09/2010 (Fig. 
10). ??? ????????? ?15N-signatures were always higher than phytoplankton and copepod 
signatures, except for the large calanoid species Rhincalanus sp. (Fig. 10). At three stations, 
from where a broad size range of T. capensis early stages was analysed, a significant linear 
???????????????? ??????????????????? ????? ?????15N-signatures (02/2011 Stat.224, n = 7, size 
range = 15-49 mm, b = 0.027, R2 = 0.84, p = 0.0036; 12/2009 Stat.test, n = 25, size range = 7-
16 mm, b = 0.136, R2 = 0.29, p = 0.0054; 03/2008 Stat.13, n = 11, size range = 10-45 mm, b = 
0.075, R2 = 0.83, p < 0.0001). This was in agreement with the general trend that was observed 
in samples from different stations in respective cruises (Fig. 10). 
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Fig. 9: Selection by five size classes of T. capensis larvae of the six most important prey 
groups derived from gut content composition analysis, calculated using the relative 
abundance of major zooplankton groups in the guts and in situ. Selectivity is shown as 
median and range per season/cruise, size group calculated with respective individual 
selectivity (respective n are indicated at the left of prey group graphs). Values >0 indicate 
positive selection, those <0 negative selection. The label columns on the y-axis refer to 
larval size class and cruise ordered by season (A = 09/2010, B = 12/2009, C = 02/2011) 
 Ecological traits of T. capensis larvae  Chapter III 
 127 
The fatty acid (FA) composition of muscle tissue was analysed in 119 early-stage T. capensis 
in the size range 3-55 mm SL and in 102 of these individuals, measuring 4-49 mm SL, the total 
FA (TFA) content was also measured. Average TFA content was 3.78 ± 0.97% DM and did not 
change significantly with body size. No seasonal difference was detected. Spatially, TFA 
content was significantly higher in larvae from Stat.269 (n = 4, 6.6 ± 2.2) compared to Stat.224 
???????? ???????????????????????????? ??????????????????????? ??2(16, 75) = 33.71, p = 0.0059). 
Over the entire size range examined, five FAs contributed proportions >5% of TFA: the 
saturated FAs, palmitic (16:0) and stearic (18:0) acid; the monounsaturated oleic acid (18:1) 
and the polyunsaturated FAs eicosapentaenoic (EPA, ???????? ?nd docosahexaenoic acid 
(DHA, ???????? ?????????????? ??????? ??????????? Fatty acid trophic markers (FATM) for 
diatoms (4.88 ± 1.18% TFA, mean ± S.D.) and dinoflagellates (0.92 ± 0.46% TFA) were not 
correlated with body size. The proportions of FATM for dinoflagellates were significantly 
different between seasons, with 03/2008>09/2010 and 02/2011 (ANOVA on seasons, F(3,119) = 
10.90, p<0.0001). In contrast to phytoplankton markers, FATM for heterotroph organisms 
(7.01% ± 1.97% TFA) were linearly correlated with body size (a = 5.48 ± 0.27, b = 0.13 ± 
0
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Fig. 10: ?15N signatures of larvae and juveniles of T. capensis (divided into size classes) and 
clupeoid (S. sagax, E. encrasicolus) and potential prey items. Each group calculated 
separately for cruises and ordered in sequence of season from austral winter to summer. 
Phytoplankton samples were mixed samples dominated by Coscinodiscus walesii 
(“Bacillariophyta”, diatoms) or Noctiluca scintillans (“Dinoflagellata”). “Gastropoda” is 
Limacina sp. and “Harpacticoida” is Microsetella sp. Mid-line, box and whiskers represent 
median, 1
st
 and 3
rd
 quartile and range. Labels on the x-axis show taxonomic levels, size 
classes in mm SL (T. capensis only) and time of year (mm/yy). Data already presented in 
other publications and shown here for comparative purpose are highlighted with different 
shades of grey: Calanoid data (dark grey) taken from Schukat et al. (2013) and clupeoid and 
prey item data (light grey) from Geist et al. (2013b) 
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0.02, R2 = 0.37, p < 0.0001). Similar to the dinoflagellate FATM, a seasonal difference was 
detected, with 03/2008 and 02/2011>09/2010>12/2009 (ANOVA on seasons with body size as 
continuous cofactor, F(4, 119) = 16.39, p<0.0001).  
Nutritional condition 
The nutritional condition factor k 
was calculated with a species-
specific length exponent b derived 
from a power fit between body 
length and mass (n = 316, R2 = 
0.95, a = 0.0014 ± 0.0919, b = 
3.178 ± 0.040, as mean ± standard 
error). When compared seasonally, 
k was significantly lower during 
12/2009 than during 02/2011 and 
03/2008 (Fig. 11, ?2(3, 409) = 44.97, 
p<0.0001). During 02/2011, a 
geographic trend in larval condition 
with an increase towards the north 
was observed (Fig. 11). 
Relationships between condition 
factor k and major environmental 
factors were analysed using cubic 
spline plots for the larval size 
classes (Fig. 12). In relation to T20m, 
smaller larvae (3-7 mm SL) showed 
a Gaussian preference window with 
highest k values at T20m of around 
19-20°C. The optimal depth of the 
17°C isotherm was shallower for smaller larvae (3-7 mm SL) compared to post-flexion I 
larvae. k of post-flexion II larvae was not affected. In relation to the depth of the 2.5 mL O2 L
-1 
isopleth, k decreased from 30 to 100 m depth in all size classes. With the exception of post-
flexion I larvae, a negative relationship over the entire depth range was observed for the 1.0 
mL O2 L
-1 isopleth. At shallower stations k of larvae <12 mm was higher. Diatom biomass did 
not affect k when levels were below ca. 300 mg m-3, but above this limit k of flexion and post-
flexion I larvae started to decrease. In relation to autotroph dinoflagellate biomass, pre- and 
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post-flexion I larvae showed an inverse response, with pre-flexion larvae responding positively 
to elevated dinoflagellate biomass, whereas post-flexion II larvae did not respond at all. The 
condition factor k of pre-flexion larvae increased with increasing bulk zooplankton biomass. 
Larvae of 5-11 mm showed a declining k between ca. 10 and 100 g zooplankton biomass m-2 
and an increase in nutritional condition at zooplankton concentrations >100g m-2 (Fig. 12).  
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DISCUSSION  
An array of ELH traits of the dominant pelagic fish species in the NBCE, T .capensis, was 
investigated with focus on their spatial distribution, feeding ecology, nutritional condition and 
growth rate in relation to ambient conditions (e.g. water temperature, dissolved oxygen 
concentration and zooplankton composition) and with regard to seasonal variations. In the 
following, we particularly highlight differences to larval stages of formerly dominant clupeoid 
species caught during the same cruises (Geist et al., 2013b), that potentially favour T. capensis, 
and that can explain their comparatively high recruitment success under changed 
environmental conditions in the degraded NBCE (van der Lingen et al., 2006b, Hutchings et 
al,. 2009, Bakun et al., 2010, Ekau et al., 2010). 
T. capensis larvae occurred mainly over the shelf where a high condition factor k indicated 
favourable feeding conditions. Their vertical distribution was similar to that of anchovy and 
sardine larvae that were usually caught within the upper 50 m of the water column (Geist et al., 
2013b). T. capensis larvae occurred along the entire latitudinal range of the NBCE, but were 
most abundant in the region north of 20°S, in contrast to sardine larvae that were mainly found 
around 23°S (Geist et al., 2013b). Based on this distribution pattern, T. capensis larvae show 
less overlap with areas of high jellyfish concentrations and have a lower risk for food 
competition and predation through the latter (Flynn et al., 2012). Moreover, larvae of T. 
japonicus have been shown to be less affected by jellyfish predation than anchovy larvae (E. 
japonicus) and can even use them as a refuge and prey collector (Masuda, 2009). 
T. capensis larvae were present during all seasons covered by the four research cruises, 
however higher abundances and a better nutritional condition infer better recruitment during 
late summer. Indeed, their overall higher abundance compared to clupeoid species, and their 
relatively evenly distributed densities over a larger area enhance the chances of T. capensis 
larvae to encounter favourable environmental conditions necessary for successful recruitment. 
T. capensis larvae occurred at water temperatures up to T20m = 25.7°C, their nutritional 
condition factor k was highest at a T20m of 18-22°C and for small larvae (<8 mm) at a shallow 
17°C isotherm depths. These traits are indicative of a preference for warmer water and 
quiescent upwelling conditions especially during the early larval stages. These results are in 
agreement with a previous report (albeit based on one sampling station only, O’Toole, 1977) 
and support the general hypothesis that T. capensis is favoured by warmer conditions 
(Shannon et al., 1988), which similarly applies to anchovy but differs from sardine larvae 
(Geist et al., 2013b). The occurrence of horse mackerel and anchovy larvae over a wider 
temperature range and at higher temperatures than sardines has also been reported from the 
north-east Atlantic (Ibaibarriaga et al., 2007). Compared to anchovy (8-22 mm SL), horse 
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mackerel (4-18 mm SL) larvae had significantly higher total fatty acid content in their dorsal 
muscle tissue during all seasons investigated. This indicates perennially better feeding and, 
hence, better nutritional condition of T. capensis (?2(2, 130) = 19.51, p<0.0001, with data of 
sardine and anchovy from Geist et al., 2013b). In 02/2011, TFA-levels as well as nutritional 
condition factor k were lower at stations around Walvis Bay (e.g. Stat.224, 266) where total 
ichthyoplankton density was high. This observation indicates that high larval density may lead 
to food competition and subsequently causes low nutritional condition and in consequence 
affects recruitment success. Similarly, low nutritional conditions were found in clupeoid larvae 
at the same stations (Geist et al., 2013b).  
With regard to dissolved oxygen, T. capensis larvae were still present at concentrations as low 
as 0.12 mL O2 L
-1. This is in agreement with a parallel respirometry study of juvenile T. 
capensis that revealed a physiological adaptation to cope with low oxygen conditions and 
indicated that this adaptation is already present in the larval stages (Geist et al., 2013a). The 
extension of low oxygen concentrations to the upper water layers is increasingly observed in 
the NBCE (Ekau et al., 2010). A tolerance of lower oxygen concentrations could favour T. 
capensis larval survival as it allows them to undertake vertical migrations into deeper, onshore 
currents thus ensuring retention, according to the vertical migration/retention model of 
Stenevik and Sundby (Kjesbu, 2009).  
Mean daily growth rate of T. capensis during the pre- and post-flexion stages were within the 
range of T. declivis from eastern Tasmania (Jordan, 1994), but lower than those of T. lathami 
from tropical south-eastern Brazil (Katsuragawa and Ekau, 2003), and higher than in T. 
symmetricus from the California Current (Hewitt et al., 1985). Growth rates in fish larvae 
depend on water temperature (e.g. Wootton, 2011) and ingestion rates (Checkley, 1984); hence 
the observed difference is likely attributable to better feeding conditions and slightly higher 
temperatures compared to the Californian upwelling system. In the pre-flexion stage, a 
relationship between daily growth rate and water temperature was found, which follows the 
general relation of higher metabolic activity with increasing temperatures within the natural 
thermal window of a species. This could also suggest better feeding conditions under quiescent 
upwelling conditions. The lack of a correlation during the post-flexion I stage suggests an 
increased influence of feeding success on the growth rate due to an increase in foraging 
potential after flexion, which might mask the temperature effect. Successful feeding is crucial 
for good recruitment success, as demonstrated by the identification of starvation as a major 
factor influencing the mortality of T. symmetricus larvae (Hewitt et al., 1985). 
The general features of T. capensis larval feeding ecology with different copepod stages and 
groups forming the main prey and daytime feeding are comparable with observations of larvae 
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of T. symmetricus (Arthur, 1976), T. declivis (Young and Davis, 1992) or T. japonicus from 
the East China Sea (Sassa and Tsukamoto, 2012). Daytime feeding and ingestion of copepods 
as main food source are also characteristic of juvenile and adult T. capensis (Pillar and 
Barange, 1998). The observed dietary shift during the early ontogeny of T. capensis towards a 
higher relative importance of larger prey items together with an increase in trophic level in 
older stages indicates a change in their position in the planktonic food web. The smaller 
copepod groups (nauplii, Cyclopoida and Harpacticoida) feed on small prey items and/or on 
sinking detrital aggregates (Richardson and Verheye, 1999; Kattner et al., 2003; Maar et al., 
2006). Likewise, our observation that pre-flexion larvae were in higher nutritional condition at 
higher ambient dinoflagellate biomass and dinoflagellates were absent in their guts, infers 
mediation via feeding on small zooplankton. The ability of larvae to obtain significant portions 
of their energy demand from cyclopoid and poecilostomatoid copepods until the post-larvae 
stage (16-20 mm) could be another advantage of T. capensis over clupeoid species, since they 
were far less abundant in the guts of sardine and anchovy larvae (Geist et al., 2013b). These 
small copepods are believed to proliferate during periods of quiescent upwelling and stable 
conditions (van der Lingen et al., 2006a) This is a typical situation during “warm-water 
events”, which have been increasingly observed for the last 20 years, especially during 
summer (Bartholomae and van der Plas, 2007). Parallel, Oithona increased in abundance 
during the last ten years in the NBCE (Verheye and Kreiner, 2013). High water temperatures 
and salinities over the shelf during 02/2011 and 03/2008 are indicative of such warm water 
intrusions.  
However, the constantly high proportions of diatom FATM throughout the ontogenetic 
development of T. capensis emphasize the importance of diatom-derived food; probably the 
dominant calanoid copepod in the NBCE, Calanoides carinatus is acting as an important link 
(Verheye et al., 2005; Schukat et al., 2013). The larger sized Calanoida occupy higher trophic 
levels in the NBCE (Schukat et al., 2013). Thus, the correlation of larval size with a higher 
proportion of heterotrophy FATM is likely caused by the increasing average size of calanoid 
prey paralleled by an increasing degree of carnivory by these copepods. 
In a comparison of daily growth rate at the size of 6 mm, with growth expressed in terms of 
biomass rather than body size, larvae of T. capensis grow faster (65.5 µg d-1) than anchovy 
(25.0 µg d-1) and sardine larvae (9.0 µg d-1; with data from Geist et al., 2013b). This reflects 
the more substantial body shape (stout vs. slender) and higher robustness of Trachurus 
compared to clupeoid species (Arthur, 1976). It is also an indication of a higher feeding 
success of T. capensis larvae in the NBCE compared to clupeoid larvae. This is likely a result 
of higher feeding incidence and voracity probably afforded by their proportionally larger 
mouth (Arthur, 1976), accessibility of a higher diversity of prey and high plasticity in prey 
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selectivity. The gut of Trachurus larvae is looped and readily developed at ~12 mm 
(Westhaus-Ekau, 1988). Assuming that early onset and quick development of gut 
differentiation are reflected by a higher digestive effectiveness, the earlier gut differentiation of 
Trachurus compared to clupeoid larvae is another advantage allowing for a high biomass 
growth rate. A higher digestive effectiveness with increasing body size during T. capensis 
ontogeny may be an important stage-specific feature representing the end of a critical period 
and might explain the weak/neutral response of the condition factor k to environmental factors 
in post-flexion II larvae (12-15 mm). 
Another important factor in this regard is the development of better swimming capabilities 
with increasing body size, since foraging range and, as consequence, availability of food 
sources increase. Indeed, increasing burst swimming capacities with size have been 
demonstrated in larvae of the congener T. japonicus (Masuda, 2009). These capacities were 
better than in Engraulis japonicus larvae, moreover allowing for a more effective anti-predator 
performance against jellyfish (Masuda, 2009, 2011).  
Shoaling of the oxygen minimum zone can compress the habitat of vertical migrating species 
(Seibel, 2010), probably affecting vertical distribution of copepod species in the NBCE (Auel 
and Verheye, 2007). Thus, the shallower depth of hypoxic waters during 03/2008 compared to 
02/2011 might have caused higher zooplankton densities in the upper water layers. Higher 
plankton densities increase encounter rates with predators and the agile T. capensis larvae, 
following a strategy of active predator avoidance, are more likely to survive under these 
conditions in comparison to clupeoid larvae, which exhibit a passive strategy expressed by a 
more transparent, less conspicuous appearance. In consequence, the resulting lower total 
densities of fish larvae together with high prey densities represent better feeding conditions for 
T. capensis larvae and can explain their higher nutritional condition during late summer 2008 
compared to late summer 2011. 
In conclusion, we found evidence that ELH traits of T. capensis permit successful recruitment 
under the prevailing hydro- and trophodynamic conditions in the NBCE. Their wide thermal 
window and trophic plasticity, as demonstrated by successful feeding upon a wide spectrum of 
prey organisms, suggests that T. capensis is favoured by longer periods of quiescent upwelling, 
as observed in recent years especially during summer (Hutchings et al., 2009). Furthermore, 
they are tolerant of the associated phenomenon of low oxygen concentrations. Successful 
feeding results in fast growth associated with a quick development of swimming behaviour, 
which in turn increases foraging and predator avoidance potential. 
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Annex I Stationlist and respective presence of study species larvae (indicated by x) 
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11/03/08 MSM07-2b 3 13.52 -23.00 220 
    
x 
13/03/08 MSM07-2b 6 12.95 -20.00 60 
  
x 
 
x 
13/03/08 MSM07-2b 7 12.64 -20.00 127 
  
x 
  13/03/08 MSM07-2b 8 12.27 -19.99 238 
    
x 
13/03/08 MSM07-2b 9 11.32 -20.00 967 
  
x 
  16/03/08 MSM07-2b 12 11.06 -17.27 1607 
    
x 
17/03/08 MSM07-2b 13 11.29 -17.26 469 
  
x 
 
x 
17/03/08 MSM07-2b 14 11.47 -17.27 165 
    
x 
23/03/08 MSM07-3 79 14.33 -23.00 73 x 
    24/03/08 MSM07-3 80 12.67 -22.00 512 x 
    24/03/08 MSM07-3 81 12.15 -21.00 808 x 
    25/03/08 MSM07-3 82 11.50 -20.00 777 x 
 
x 
  25/03/08 MSM07-3 83 12.33 -20.00 213 x 
   
x 
25/03/08 MSM07-3 84 12.93 -20.00 68 x 
    25/03/08 MSM07-3 85 12.70 -19.50 62 x 
    26/03/08 MSM07-3 86 12.61 -19.50 89 x 
    26/03/08 MSM07-3 87 12.52 -19.50 117 x 
   
x 
26/03/08 MSM07-3 88 12.43 -19.50 134 x 
  
x x 
26/03/08 MSM07-3 89 12.35 -19.50 143 x 
 
x 
 
x 
26/03/08 MSM07-3 90 12.17 -19.50 234 x 
 
x 
 
x 
26/03/08 MSM07-3 91 12.45 -19.00 39 x 
 
x 
 
x 
27/03/08 MSM07-3 92 12.35 -19.00 92 x 
 
x x x 
27/03/08 MSM07-3 93 12.25 -19.00 111 x 
 
x x x 
27/03/08 MSM07-3 94 12.17 -19.00 125 x 
 
x 
 
x 
27/03/08 MSM07-3 95 12.00 -19.00 211 x 
 
x 
 
x 
27/03/08 MSM07-3 96 11.75 -19.00 302 x 
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27/03/08 MSM07-3 97 11.50 -19.00 297 x 
    28/03/08 MSM07-3 98 12.17 -19.50 240 x 
 
x 
  28/03/08 MSM07-3 99 12.43 -19.50 135 x 
   
x 
28/03/08 MSM07-3 100 12.53 -19.50 117 x 
   
x 
31/03/08 MSM07-3 103 11.87 -18.26 42 x x x x x 
31/03/08 MSM07-3 104 11.50 -18.00 242 x 
  
x x 
31/03/08 MSM07-3 105 11.50 -17.50 163 x 
  
x x 
31/03/08 MSM07-3 106 11.72 -17.25 39 x 
  
x x 
31/03/08 MSM07-3 107 11.50 -17.25 140 x 
    01/04/08 MSM07-3 108 11.25 -17.25 597 x 
   
x 
01/04/08 MSM07-3 109 11.00 -17.25 2117 x 
   
x 
02/04/08 MSM07-3 111 11.50 -17.00 106 x x x x x 
03/04/08 MSM07-3 112 11.50 -16.75 100 
 
x x x x 
03/04/08 MSM07-3 113 11.50 -16.50 103 x 
 
x x x 
03/04/08 MSM07-3 114 11.50 -16.00 1246 x 
   
x 
06/12/09 Afr258 30249 14.77 -25.73 57 x 
    06/12/09 Afr258 30250 14.48 -24.45 40 
    
x 
08/12/09 Afr258 30251 12.45 -19.00 32 x 
    08/12/09 Afr258 30252 12.25 -19.00 103 x x 
  
x 
08/12/09 Afr258 30253 12.00 -19.00 194 x x x x x 
08/12/09 Afr258 test 12.68 -19.60 
     
x 
09/12/09 Afr258 30254 11.43 -19.00 418 x 
   
x 
09/12/09 Afr258 30255 11.70 -17.25 42 x 
    09/12/09 Afr258 30256 11.50 -17.25 132 x 
   
x 
10/12/09 Afr258 30257 11.18 -17.25 820 x 
 
x 
 
x 
10/12/09 Afr258 30258 10.78 -17.25 2900 x 
 
x x x 
10/12/09 Afr258 30259 10.50 -17.25 3240 x 
 
x x 
 11/12/09 Afr258 30260a 10.53 -19.00 2070 x 
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12/12/09 Afr258 30261 11.72 -22.97 3094 x 
    13/12/09 Afr258 30262 13.33 -23.00 357 x 
    13/12/09 Afr258 30263 13.68 -23.00 146 x x x 
  13/12/09 Afr258 30264 14.08 -23.00 122 x 
  
x 
 14/12/09 Afr258 30265 14.33 -23.00 65 x 
    15/12/09 Afr258 30266 14.51 -26.81 298 x 
    13/09/10 D356 6 11.50 -17.33 159 x x 
  
x 
13/09/10 D356 7 11.68 -17.30 66 x 
    15/09/10 D356 10 11.33 -18.46 
     
x 
20/09/10 D356 15 13.03 -23.05 468 x 
    21/09/10 D356 17 13.50 -23.00 228 x 
    22/09/10 D356 18 13.99 -23.00 130 x 
    28/09/10 D356 24 11.08 -19.03 1094 x 
    28/09/10 D356 25 11.51 -18.94 277 x 
 
x 
 
x 
29/09/10 D356 26 12.00 -18.99 200 x x 
  
x 
29/09/10 D356 27 12.16 -19.00 123 x 
   
x 
30/09/10 D356 28 12.38 -19.00 63 x 
   
x 
01/10/10 D356 30 11.00 -17.61 2257 
 
x x 
 
x 
02/10/10 D356 31 10.92 -17.92 2579 
  
x 
 
x 
03/10/10 D356 33 10.77 -18.77 3017 
 
x x 
 
x 
06/10/10 D356 42 12.00 -19.00 250 
    
x 
08/10/10 D356 43 13.06 -23.00 395 
    
x 
31/01/11 MSM17-3 222 14.05 -23.00 134 
 
x 
   31/01/11 MSM17-3 224 14.05 -23.00 139 x x x x x 
31/01/11 MSM17-3 225 14.00 -23.50 169 x x x x x 
31/01/11 MSM17-3 226 13.50 -23.50 231 x x x 
 
x 
01/02/11 MSM17-3 228 14.00 -24.00 219 x x 
 
x x 
01/02/11 MSM17-3 229 14.33 -24.50 126 x 
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01/02/11 MSM17-3 230 14.00 -25.00 180 x 
    02/02/11 MSM17-3 231 14.50 -26.00 194 x 
 
x 
  02/02/11 MSM17-3 232 15.06 -26.67 40 x 
    02/02/11 MSM17-3 233 14.76 -26.67 193 x 
    02/02/11 MSM17-3 234 14.42 -26.67 330 x 
    03/02/11 MSM17-3 235 14.00 -26.67 422 x 
   
x 
04/02/11 MSM17-3 239 13.70 -24.49 358 x 
 
x 
  07/02/11 MSM17-3 243 12.80 -23.00 1400 x 
    07/02/11 MSM17-3 246 13.05 -23.00 413 x 
   
x 
08/02/11 MSM17-3 250 13.33 -23.00 354 x x x 
 
x 
08/02/11 MSM17-3 254 13.67 -23.00 155 x x x x x 
09/02/11 MSM17-3 260 14.05 -23.00 139 x x x x x 
09/02/11 MSM17-3 264 14.33 -23.00 68 x x 
  
x 
10/02/11 MSM17-3 266 13.46 -22.70 251 x x x x x 
11/02/11 MSM17-3 267 13.17 -22.00 211 x x x 
  11/02/11 MSM17-3 268 13.50 -21.01 17 x x 
  
x 
11/02/11 MSM17-3 269 13.33 -21.00 95 x 
 
x 
 
x 
11/02/11 MSM17-3 270 13.17 -21.00 128 x x x x x 
11/02/11 MSM17-3 271 12.83 -21.00 300 
    
x 
12/02/11 MSM17-3 272 12.50 -21.00 434 x 
    13/02/11 MSM17-3 275 12.17 -20.00 285 x 
 
x 
 
x 
13/02/11 MSM17-3 276 12.50 -20.00 154 x 
 
x 
 
x 
13/02/11 MSM17-3 277 12.83 -20.00 103 x 
 
x 
 
x 
13/02/11 MSM17-3 278 13.00 -20.00 32 x 
 
x 
 
x 
14/02/11 MSM17-3 279 12.45 -19.00 39 x 
 
x 
  14/02/11 MSM17-3 282 12.25 -18.99 113 x x x 
 
x 
14/02/11 MSM17-3 285 12.00 -19.00 211 x 
 
x 
 
x 
15/02/11 MSM17-3 292 11.43 -19.00 420 x 
 
x 
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16/02/11 MSM17-3 295 11.00 -19.00 1308 x x 
 
x 
 16/02/11 MSM17-3 299 11.42 -19.00 443 
   
x x 
16/02/11 MSM17-3 300 11.50 -18.00 241 x 
   
x 
19/02/11 MSM17-3 304 11.72 -17.25 40 x x x x x 
19/02/11 MSM17-3 305 11.50 -17.83 149 x x x x x 
19/02/11 MSM17-3 306 11.29 -17.25 498 x 
 
x 
 
x 
20/02/11 MSM17-3 307 11.18 -17.25 924 x 
 
x 
 
x 
20/02/11 MSM17-3 313 11.50 -17.25 150 
 
x x 
 
x 
  
 Annex 
151 
Annex II Selection of available information on life history traits for higher taxonomic 
groups of the four study species. Literature sources are indicated by uppercase 
numbers and listed below the table. Full references are given, if not listen in the 
references section of the thesis 
Order Clupeiformes Clupeiformes Perciformes 
Family Clupeidae Engraulidae Carangidae 
schooling yes yes yes 
Skin thickness / 
Mech. Protection 
against jellystings 
low
1,2
 low
2
 
Higher (earlier 
squamation and stronger 
scales)
3
 
Life span short (5-10 yrs)
2,4
 short (5-10 yrs)
2,4
 longer (max. 40 yrs)
5
 
Recruit age 1-3 yrs
2,4
 1-3 yrs
2,4
  
Length of first 
spawning 
10-20 cm
4
 
10-20 cm
4
 
 
growth rapid
2
 rapid
2
 rapid in first 3 yrs
5
 
LH strategy Early maturity at small size relative to adult size
6
 
Compensation in 
reproduction for 
high adult 
mortality 
no
6
 no
6
 yes
6
 
recruitment 
depends on 
environment
6
 environment
6
 environment
2
 
Spawning 
strategy 
serial batch
4,7
 serial batch
4,7
 multiple batch
5
 
Absolute 
fecundity 
(eggs per 
individual) 
High
8
 High
8
 High
2
 
Relative 
fecundity 
(eggs g body 
weight
-1
) 
400 (S. melanostictus)
9 
150-250 (S. sagax)
4
 
600 (E. japonicus)
9 
200-350 (E. capensis)
4
 
100 (T. japonicus)
9
 
Parental 
investment
4 
oder 
olivar1991 
Low, oviparous, 
planktonic eggs and 
larvae 
Low, oviparous, 
planktonic eggs and 
larvae 
Low, oviparous, 
planktonic eggs and 
larvae 
Genus Sardinops Engraulis Trachurus 
Development 
type 
  Smooth and gradual
14
 
First erythrocytes 
 
 
4.5-6 mm(7 d)
10
 
abundant at 12 mm 
(22d)
10 
(E. mordax) 
 
Functional gills  
16-17mm (32d)
10 
(E. mordax) 
 
Looped gut   
3-4 mm
11 
(T. trachurus) 
Differentiation of 
stomach start 
  
12 mm
11 
(T. trachurus) 
Differentiation of 
stomach 
complete 
 20 mm
10
 
17 mm
11 
(T. trachurus) 
Upper and lower 
jaws become 
mobile 
 30 mm
10
  
Ossification steps   
3.0-4.5: premaxilla 
formed, maxilla ossified
14
 
10: full tail ossified
14
 
Ray formation at 
mm standard 
length 
Pectoral Fin rays 
complete: 28
15
 
 
5.8-6.6: median fin rays 
around 6: urostyl flexion 
6.5: full primary caudal 
rays 
9.0-10: dorsal spines 
complete 
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1 Rombough, 1988 
2 Freon et al., 2005 
3 Masuda, 2009 
4 Blaxter and Hunter, 1982 
5 Abaunza, P., Gordo, L., Karlou-Riga, C., Murta, A., Eltink, A., García Santamaría, M. T., Santamaría, 
M. G., et al. 2003. Growth and reproduction of horse mackerel, Trachurus trachurus (Carangidae). 
Reviews in Fish Biology and Fisheries, 13: 27-61. 
6 Rochet, 2000 
7 Bakun and Weeks, 2006 
8 Boyer, D.,Cole, J., and Bartholomae, C. 2000. Southwestern Africa: Northern Benguela Current 
Region. Marine Pollution Bulletin, 41(1-6): 123-140. 
9 as cited in Masuda, 2009 
10 O’Connell, C. P. 1981. Development of organ systems in the Northern anchovy, Engraulis mordax, 
and other teleosts1.American Zoologist, 21: 429-446. 
11 Westhaus-Ekau, P. 1988. Verbreitung und Nahrungsökologie der Fischbrut vor Nord-West-Afrika 
unter besonderer Berücksichtigung der kleinräumigen Variabilität. PhD-thesis, Universität Hamburg. 
143pp. (in german) 
12 Santos, A. M. P., Chícharo, M. A., et al. 2007. Physical–biological interactions in the life history of 
small pelagic fish in the western Iberia upwelling ecosystem. Progress in Oceanography, 74: 192–209. 
13 Ahlstrom, E. H., and Ball, O. P. 1954. Description of eggs and larvae of Jack Mackerel (Trachurus 
symmetricus) and distribution and abundance of larvae in 1950 and 1951. Fishery Bulletin, NOAA, 56: 
209-245. 
14 Haigh, 1972 
15 Matsuoka (1997), and refernces therein 
16 Butler, J. L. 1991. Mortality and recruitment of Pacific Sardine, Sardinops sagax caerulea, larvae in 
the California Current. Canadian Journal of Fisheries and Aquatic Sciences, 48: 1713–1723. 
17 Takahashi, M., and Checkley, D. M., Jr. 2008. Growth and survival of Pacific sardine (Sardinops 
sagax) in the California Current region. J Northwest Atl Fish Sci, 41: 129–136. 
18 ????????? ?????????????????????????????????????????? ??????? ????????????????????????????????????-
Cetkovic, J. 2012. Daily otolith increments and growth rate of juvenile anchovy, Engraulis encrasicolus 
(Linnaeus, 1758), in the south-eastern Adriatic Sea. Acta Adriatica, 53(3): 331–340.  
19 ??????????????????????????????????????????????????????????????????????????????????????????????????????
Fisheries Research, 31: 189–195. 
20 La Mesa, M., Donato, F., Giannetti, G., and Arneri, E. 2009. Growth and mortality rates of European 
anchovy (Engraulis encrasicolus) in the Adriatic Sea during the transition from larval to juvenile stages. 
Fisheries Research, 96: 275–280.  
21 Costalago et al., 2011 
  
11-12: dorsal and anal 
fins fully ossified 
>20: pectoral ossified 
lateral line complete: 18-
19
14
 
Onset of 
Squamation 
  19-21 mm
13
 
Squamation 
complete 
34 mm
15
  35 mm
13
 
Metamorphosis 
at: 
35 mm
16
 
35 mm
17
 
40 mm
12,15 
55 mm
15 
34mm
15
 
32 mm
18
 
37 mm
19
 
35-40 mm 
12, 20
 
35-40 mm
4,12 
31mm
21
 
 
Onset of filter 
feeding 
80-100 mm
4
 80-100 mm
4
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Annex III Collection of life history traits of the four study species. Literature sources are 
indicated by uppercase capital letters and listed below the table. Full references are 
given, if not listen in the references section of the thesis 
NBCE species Sardinops sagax 
Engraulis 
encrasicolus 
Sardinella aurita 
Trachurus 
capensis 
Habitat
7
 epipelagic epipelagic epipelagic 
epipelagic 
(juveniles) 
mesopelagic 
(adults)  
Biomass estimate 
(t) 02-2009 / 02-
2010 
150 000 / 142 
000
A
 
37 000 / 135 000
A
  597 000 / 769 000
A
 
Length of 50% 
maturity 
before 1974: 22.0-
23.7 cm
B 
1980s: 19.95 cm
B
 
2000s: 16.46cm
B
 
  
1970s: 27 cm
C
 
1980s: ~25 cm
C
 
1999-2004: < 20 
cm
C
 
2010: 20.1 cm
D
 
Modal length at 
catch /common 
length 
1952-1957: 25.5, 
17-31 cm  
1997-2008: 21.3, 
15-26 cm 
13.5 cm
E
 25 cm
E
 
1970s: 28 cm
M 
2007: 20 cm
F
 
2009-2012: 25 cm
F
 
2012: 16 cm 
(pelagic)
F
 
Max. length  
29.5cm (1950ies); 
39.5 cm
E
 
20.0 cm
E
 31 cm
E 
35 cm; 40cm at 9 
yrs
F
 
60 cm at >10 yrs
E
 
Age of maturity ??????F   3 years (97%)F 
Max. age possible 
before collapse: 
11yrs
B 
after collapse: 6 
yrs
F,T
 
25 yrs
E
 
4 yrs
E 
3 yrs 
W
 
7 yrs
E
 10 yrs
F 
Max weight 486 g
E
  229 g
E
  
Adult  
feeding mode 
diet 
Filter feeder 
small Calanoida 
Cyclopoida 
<1 200 µm
G
 
Particulate feeder 
Calanoida 
Euphausiacea 
> 1 000 µm
G
 
Zooplankton
E
 
Zooplanktivorous
H,Q 
 
Euphausiacea
I,Q 
Amphipoda
Q
 
fish larvae
Q
 
Fishery
C,F
 Purse-seine
F
 Purse seine 
Purse seine, 
midwater trawl 
Midwater trawling 
(adults, 85-90% 
TAC);  
Purse seine 
(juvenile, <17cm, 
10-15%TAC)  
MSY
F
    
280 000 – 300 000 
t 
TAC 2012
F
 31 000 t   320 000 t 
CPUE (t hr-1)
F
    
~6 (1990-2007),  
>20 (2009-2012) 
State of stock
F
 critical   Good condition 
Resulting advice 
on Fishing 
pressure 
Too high   Too high 
Absolutefecundity: 
eggs per 
individual (size 
range) 
   
4000-260000 (22-
38 cm)
J
 
 
Spawning depth 
beneath Ekman 
layer
K
 
 
Beneath Ekman 
layer, deeper than 
clupeoids, 50-150 
m
K,P
 
Daily growth after 
first feeding
L
 
17°C: 0.6 mm d
-1 
20°C: 0.8 mm d
-1
 
17°C: 0.5 mm d
-1 
20°C: 0.6 mm d
-1
 
  
O2 avoidance limit 
vertical distribution 
2.5 mL L
-1 N 
, 2.0 
mL L
-1 O
 
2.0 mL L
-1 O
  2.5 mL L
-1 N
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larvae 
O2 limit vertical 
distribution adults 
   0.7 mL L
-1 P
 
Spawning season 
Peaks in 
September and 
February
U
 
Peak in February
U
  
September – May, 
peak December-
March
T
 
T preferences 
spawning 
Peak egg 
production 
coincided with 
warm water peak 
at 18-20°S during 
January-March 
1982
V
 
  Warmer water 
V
 
Abbreviations: MSY = maximum sustainable yield, TAC = total allowable catch, CPUE = catch per unit 
effort 
A N. Moroff, NatMIRC, Swakopmund, pers. comm. 
B Kreiner et al., 2011 
C van der Lingen et al., 2006b and references therein 
D Kirchner, 2011 
E www.fishbase.de, data not necessarily from NBCE 
F Kirchner, 2012 
G van der Lingen et al., 2006a 
H Fréon et al., 2005 
I Crawford, 1987 
J Macer, C. T. 1974. The reproductive biology of the horse mackerel Trachurus trachurs (L.) in the 
North Sea and English Channel. Journal of Fish Biology, 6: 415–438. (and references therein) 
K Stenevik et al., 2003, and 2007 and refernces therein 
L King, 1977 and Thomas, 1986 for sardine; Brownell, 1983, King et al., 1978, and Thomas (1986) for 
E. encrasicolus: all cited in John et al., 2004 
M Bauleth-D’Almeida, G. 2007. An overview of the biology and state of the Cape horse mackerel 
Trachurus capensis stock of the northern Benguela current ecosystem. In Northern Benguela 
Transboundary small pelagic and mid-water resources research planning workshop, A synthesis of the 
scientific input, discussions and output from the workshop, pp.13-14.  Ed by by D. C. Boyer and I. 
Hampton. Windhoek, Namibia.  
N Ekau and Verheye, 2005  
O Kreiner et al., 2009 
P Axelsen et al., 2004 
Q Haigh, 1972  
R Andronov, V. N., 1983. Feeding of Cape horse mackerel (Trachurus trachurus capensis) and Cape 
Hake (Merluccius capensis) off Namibia 1982. ICSEAF Collection of Scientific Papers, 10, part I:1-6.  
S Thomas, R., M. 1983. Catch, age and stock assessment of South West African pilchard Sardinops 
ocellata in divisions 1.3, 1.4, and 1.5 in 1982. ICSEAF Collection of Scientific Papers, 10, part I: 193-
201.  
T Olivar, M. P., and Rubiés, P. 1983. Distribution and abundance of Cape horse mackerel (Trachurus 
trachurus capensis) eggs and larvae caught during the Benguela III Cruise (March-April 1981). ICSEAF 
Collection of Scientific Papers, 10, part II: 161-172. 
U Le Clus, F. 1983. Observations of the egg production of pilchard and anchovy off South West Africa 
in 1981/82. ICSEAF Collection of Scientific Papers, 10, part II: 139-146. 
V Boyd et al., 1985 
W Melo, Y. C. 1985. Age composition of the South West African anchovy in 1984. ICSEAF Collection 
of Scientific Papers, 12: 63-68.  
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Annex IV Weight - length relationships 
 
 
 
 
 
 
IVa Dry to wet mass relationship with pooled data from all four study 
species 
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Length-weight relationships of early live stages of the four study species  
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d) S.a.
a = -14.023 ± 1.317
b = 5.249 ± 0.507
n = 26, R2 = 0.82
c) S.s.
a = -11.926± 0.427
b = 4.489 ± 0.164
n = 150, R2 = 0.83
b) E.e.
a = -9.118 ± 0.1639
b = 3.585 ± 0.061
n = 237, R2 = 0.94
a) T.c.
a = -6.403 ± 0.091
b = 3.140 ± 0.040
n = 409, R2 = 0.94
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Plates 
 
Plate I Impressions from field and lab work – photos by S. Geist, A. Flohr, W. Ekau, A. 
Neumann, and M. Steinmetz (29) 
1 RV Africana, 2 RRV Discovery; 3-4 FS Maria S. Merian; 5 on board dissection of fish 
during Afr 258; 6-8 pelagic trawl haul full of jellyfish during Afr 258; 9 MultiNet; 10 
microzooplankton Inlaynet; 11 Ring trawl; 12 Tucker trawl; 13-20 operation of plankton nets 
and subsequent sorting of catch; 21 net catch; 22-23 identification and length measurement; 24 
on-board keeping of fish larvae at controlled temperatures; 25 wild caught T. capensis larvae; 
26 on-board keeping of juveniles at controlled temperatures; 27 inside the temperature 
controlled lab-container for on-board respiration experiments; 28-29 respirometer setups; 30 
example for the development of oxygen concentrations during hypoxia element with juvenile 
T. capensis 
Plate II Sardinops sagax larval morphology 4-20 mm length – photos by S. Geist 
Plate III Engraulis encrasicolus larval morphology 2-12 mm length – photos by S. Geist 
Plate IV Engraulis encrasicolus larval morphology 13-21 mm length – photos by S. Geist 
Plate V Engraulis encrasicolus larval morphology 22-38 mm length – photos by S. Geist 
Plate VI Trachurus capensis larval morphology 3-11 mm length – photos by S. Geist 
Plate VII Trachurus capensis larval morphology 13-38 mm length – photos by S. Geist 
Plate VIII Prey items discovered in larval guts (exept No.4) – photos by S. Geist 
1-2 Ceratium sp. – dinoflagellate; 3 flagellates; 4 Noctiluca scintilans – dinoflagellate; 5 
Coscinodiscus sp. – diatom; 6-8 Gastropoda; 9-10 copepod eggs; 11-13 copeod nauplii; 14-17 
Oithona sp., Cyclopoida, Copepoda; 18-20 Oncaea sp., Poecilostomatoida, Copepoda; 21 
Oithona sp. and Oncaea sp.; 22-23 Microsetella sp., Harpacticoida, Copepoda; 24-28 
Calanoida, Copeoda; 29-30 Calyptopes larvae, Euphausiacea 
 
 
 158 
 
 
  
 159 
 
 
 160 
 
 
 161 
 
 
13
16
18
20
15
4
8
11
PLATE II
mm
 162 
 
 
 
 163 
12
11
2
6
8
9
10
mm PLATE III
 164 
 
 
 165 
 
 
  
14
16
17
19
20
15
13
21
PLATE IV
mm
 166 
  
 167 
 
 
22
23
25
26
27
28
29
32
38
PLATE V
mm
 168 
 
 
 
 169 
3
4
5
6
7
8
10
11
9
PLATE VI
mm
 170 
 
 
 
 
 171 
 
 
13
14
16
17
18
20
21
22
30
33
38
15
12
PLATE VII
mm
 172 
 
 
 
 173 
 
 
 
 174 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Back cover drawing by Alexander Gürten 
 
 175 
  
 176 
Eidesstattliche Erklärung 
Eidesstattliche Erklärung 
(Gem. § 6(5) Nr. 1-3 PromO) 
 
 
Hiermit versichere ich, dass ich die vorliegende Arbeit mit dem Titel „Early life 
history traits of coastal pelagic fish in the northern Benguela Current upwelling 
ecosystem off Namibia“: 
 
1. ohne unerlaubte, fremde Hilfe angefertigt habe, 
2. keine anderen, als die von mir im Text angegebenen Quellen und Hilfsmittel 
benutzt habe, 
3. die den benutzten Werken wortlich oder inhaltlich entnommenen Stellen 
alssolche kenntlich gemacht habe. 
 
 
Ebenfalls erkläre ich hiermit, dass es sich bei den von mir abgegebenen Arbeiten um 
drei identische Exemplare handelt. 
 
 
Bremen, August 2013 
 
Simon Geist 
 
 
